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PREFACE. 

My object in this treatise has been to give a complete account 
of such portions of Electrical Science as I am acquainted with, 
and at the same time to regard them from a physical as distin- 
g-uished from a mathematical point of view. 

I have throughout endeavoured, as much as I am able, to 
connect the various phenomena described with the hypothesis 
adopted by Newton, Faraday, and Maxwell, namely — that there 
is no such thing as '' action at a distance/' but that all electrical 
actions are transmitted from place to place by strains of some 
continuous medium filling the space between. 

In order that the book may be more useful, I have entered 
very fully into the actual experimental details of most of the 
investigations mentioned, partly in order tliat any one wishing 
to continue the experimental investigation of the subject may 
find in the book accounts of what has already been done, and 
partly that students may see that electrical phenomena have a 
real existence, and are not merely abstractions or results of 
mathematical analvsis. 

I may add that, for tlie understanding of the text of the work, 
no mathematical knowledge is required except that of algebra 
up to simple equations. There are, however, a few mathematical 
foot-notes and appendices. 

By far the greater number of the illustrations in the book are 
original, and have been engraved under the directions of Mr. 
Cooper, from drawings of the most recent instruments now in 
actual use, made by Mr. Cole and Mr. Webster, at Kew Obser- 
vatory, at Cambridge, at King's College London, at several 
private laboratories, and at the factories of the principal instru- 
ment makers ; and I must now express my sincere thanks to 
these three gentlemen for the skill and care displayed by them 
throughout the whole of a long and laborious task. 
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VI Preface. 

I also must express my thanks for the loan of blocks and plates 
to the Councils of the Royal Society, of the British Associa- 
tion, and of the Royal Irish Academy, to the Committee of Kew 
Observatory, to Mr. Wm. Spottiswoode (President of the Royal 
Society), Sir Wm. Thomson, Mr. De La Rue, Mr. Crookes, Prof. 
Tyndall, the late Prof. Clerk-Maxwell, Dr. Kerr, M. Plants, 
Prof. Rontgen, Prof. Hughes, Prof. Jellett, Mr. Ayrton, Mr. 
Perry, Messrs. Elliott Bros., and Mr. Apps.- 

I have to return most hearty thanks to many friends for in- 
valuable assistance with the proof-sheets and MSS. 

Mr. Ayrton has read the whole of Part I. in proof, and most 
of Part III. He has paid special attention to the chapter on 
" Contact Electricity." 

Mr. Whipple, Superintendent of Kew Observatory, has read 
the whole of Part II. (Magnetism) in MS., in slips and in sheets; 
he has had several tables j)repared for me at the Observatory, and 
has superintended the drawings of the various magnetic instru- 
ments which were made at Kew by ^fr. Webster. 

Prof. Everett has read all those portions of the book which relate 
to the theory of Units, namely, Chapters VIII., XX., and XLIV. 

Prof. Tyndall has read the MS. of the chapter on 
Diamagnetism. 

Mr. Spottiswoode has read the proof of all the chapters about 
the Induction Coil, and about Electrical Discharges, i. e. 
Chapters XXXIII. to XXXVII. Mr. Moulton has also read 
the chapter on '^ The Sensitive State." 

Mr. Kieser, of the firm of Elliott Bros., has read the descrip- 
tion of the various forms of Resistance Boxes. 

Dr. Kerr has read Chapters XLVIII. and XLIX., in which an 
account of his discoveries is given. 

Prof. W. G. Adams has also given me some valuable assistance. 

Prof. Boltzmann, of Vienna, has had the great kindness to 
write out for me the mathematical theory (not before published) 
of his experiments on Specific Inductive Capacity. The appendix 
to Chapter XI. is substantially a translation of his letter. 

Mr. J. G. Butcher and Mr. T. O. Harding have also given 
me much assistance with the appendix to Chapter XI. and with 
some of the mathematical foot-notes. 

Ilolmwood, Dorking, April 17, 1880. 
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ELECTRO- STATICS* 



CHAPTER I. 

PRELIMINARY. 

We have as yet no conception of electricity apart from the 
electrified body; we have no experience of its independent 
existence, and therefore we will commence our study of the 
science by considering the " properties of electrified bodies/' 

Properties of Electrified Bodies. 
Definitions. 

When a bodyf shows certain properties, it is said to be electrified. 
These p:operties are : — 

(1.) The power of attracting or repelling other electrified 

bodies. 
(2.) The power of inducing similar properties on neigh- 
bouring bodies. 
(3.) The power of attracting light unelectrified bodies^J and 
(4.) When very strongly electrified, the power of giving 
off sparks. 
Bodies can be electrified by various methods. 
One method is by " friction/' If a rod of glass or a rod of 

* See page 28. t Not being iron or steel. 

X (3) will be shown to be a consequence of (1) and (2) 




I 



2 Electro-Statics. 

seoling-wax be riilibed with a silk liandkcrcblt'T, it will be 
electrified. 

It tB found that the elKctrification of glass differs from that ut 
senling was. 

EXPEEIMENTS. 

In the following experimenU we shall require two pieces of 
slout g-Iass tube, such as is used for barometersj each aboat 
14 inches long and J to J-inch diameter, two rods of coarse 
sealing-wax of about the same size, and a silk handkerchief. We 
shallalsorequire a wooden stand {Hg. 1), consisting of two uprights 
about 18 inches apart, connected by a crona- 
bar at the height of about two feet; from 
the centre of the cross-bar a wire stiniip must 
he suspended by a silk thread about 18 inches 
long. 

The wire stirrup must be oE such a shape 
p. , that when one of the glass or sealing-wai 

rods is placed in it, it will be able to turn 
freely in a horizontal plane like a compass needle. 

The experiments must be done in a warm dry room, and the 
rods and liaiidkerehief must all be warmed by the fire for some 
time ht' fore- h and . 

Now rub two of the rods briskly with the handkurchief,* place 
one in the stirrup and hold the other near the rubbed end of it. 
It will be observed that, if the two glass rods or the two sealing- 
wax rods he used, there will be a strong repnlston, and that 
if one glass and one sealing-wax be taken, there will be an equally 
strong allracUon. 

That is to Bay, nmilar etedrifcations repel eaek other, wtHia 
atiracf. 

It 13 found that all electrification is of one of two kinds ; it is 
all either the same as that produced by rubbing glass, or as that 
produced by rubbing sealing-wax. 

Tl is aho found Ihal, if equal q%an/Uies of (he eleefrieifi/ of 
fflasa anii the eteclricify of »eaUng-wa,T be added togethm-, (key 
neutralise eaek other. 



* This eipfritnent Huccwda better if two experimenters each wilh a hand- 
kerchief rub the tods aimultaneoDsly. 
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The two kinds of Electricity. 3 

(-f) AND ( — ) ElECTBICITY. 

For this reason the two electricities are called respectively 
"positive" and "negative," written (+) and ( — ). 

The electricity of glass has been arbitrarily chosen to be 
called ( + ). 

We know from elementary algebra that if a quantity with 
the ( + ) sign be added to an equal quantity with the (— ) sign, 
the result is zero, and therefore, the fact that the result of adding 
equal quantities of the electricity of glass and the electricity of 
sealing-wax, is zero, enables us to treat them as ordinary alge- 
braical quantities with ( -f ) and (— -) signs. 

Attbaction of Light Bodies. 

If the stirrup 1>e removed from the frame (6g. 1), and a 
feather attached to the silk instead of it, it will be found that 
all the electrified rods, whether glass or sealing-wax^ attract the 
feather. 

Electeificatiox of the Rubber. 

When a rod is electrified by friction, it is found that the rubber 
is electrified with an electrification opposite to that of the rod. 

This is not a very easy thing to show experimentally, owing 
to the rapid escape of the eh^tricity of the rubber through the 
hand. 

If, however, the silk be protected by holding it in a bit of 
sheet india-rubber, it will generally be possible to observe its 
attractive effect on the feather, and its attractive and repulsive 
effects on the electrified glass and sealing-wax, when the rods of 
them are placed in the stirrup. 

The quantity of electricity of one kind produced on the ruhher 
in exactly equal tc the quantity of the other kind produced on 
the rod. 

If the rod be vigorously rubbed with the handkerchief and 
the latter not removed, then, if the rod and handkerchief together 
be brought near the suspended feather, no attraction will take 
place. 

This shows that the electrification of the rod is exactly 
neutralized by the opposite electrification of the handkerohief. 
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and^ therefore, that the two quantities of electrification mast be 
exactly equal • 

Transfer of Elkctrification. 

If an electrified body be made to touch one not previously 
electrified, it is found that the one loses a part of its electrification 
and the other gains electrification. 

We then say that part of the electricifi/ of the charged body 
has been transferred to the other body. The quantity transferred 
depends on the sizes and shapes of the two bodies. If they 
are both spheres, the electricity will divide between them in 
direct proportion to their radii. 

Experiment, — Attract the feather by one of the rubbed rods 
and let it touch it. It will be found to cling to it for awhile. 
Turn the rod gently round, so as to make different i)ortion8 of its 
surface touch the feather. In the course of half a minute or 
so, the feather will fly away from the rod, and, on bringing the 
latter near it, it will be repelled. This is explained by the fact 
that, when the feather touched the rod, a portion of the electrifi- 
cation of the latter was transferred to it, and it is repelled 
because it is charged with the same electrification as that on 
the rod. 

Conductors and Insulators. 

If one end of a rod of sealing-wax be electrified, it keeps its 
electrification for a considerable time in dry air, and the other end 
remains unelectrified. 

If, on the other hand, one end of a rod of metal be electrified, 
the electrification at once distributes itself all over the rod ; and 
if one end of the rod be placed on the ground, the electrification 
is ra{>idly lost. 

Substances like the sealing-wax, in which electricity cannot 
move freely, are called *' InsulatorSy'' those like metals, in which 
it can move freely, are called " Coiidncfors,'' 

Silver is the best conductor known, and dry air the best insu- 
lator, but no substances are quite perleet either way. 

So many substances exist whose conducting and insulating 

* The experiment must be performed with a feather, and not with the 
suspended electrified rod, as the suspended rod would attract any unelectrified 
body brought near it in the same way as the electrified rod attracts the 
feather. 



■^ 



- \. 



Electrification by Induction. 5 

powers come between those of the above, that there can hardly 
be said to be any definite line of demarcation between conductors 
and insulators. 

We may, however, for all practical purposes, consider the 
metals as conductors, and air, glass, ebonite, sealing-wax, 
paraffin-wax, and silk, as insulators. 

The Gold-lea? Electroscope. 

This is a more delicate apparatus than the suspended feather 
for detecting small quantities of electrification. 

It shows the presence of electricity by the divergence of two 
g^ld-leaves hung close together. It is described on page 32. 

Elkcteification by Induction. 

When a charged body is placed near another, but not in 
contact with it, the second body becomes electrified, and remains 
electrified as long as the charged body is in its neighbourhood. 
As soon as the charged body is removed, all signs of electrification 
in the other disappear. 

This kind of electrification is called "Electrification by 
induction'^ 

Experiment, — Rub one of the rods and hold it near to, but 
not in contact with, the plate of the electroscope. The leaves at 
once diverge, and remain diverged as long as the rod remains in 
position. On removing the rod they collapse. 

The experiment still succeeds if a plate of glass, gutta-percha, 
panifHn-wax, or any other non-conductor, be placed between the 
electroscope and the sealing-wax. 

This shows that the charged rod induces a charge of electricity 
in the plate and gold-leaves of the electroscope, the action taking 
place at a distance and across the inl-ermediate i?isula/or. 

Metal Screens. 

It is found that, if a large metal screen, which is connected to 
the earth to allow electricity to escape from it, be placed between 
the sealing-wax and the electroscope, no induction takes place. 
Similarly the induction can be stopped by covering the electro- 
scope with a metal or wire gauze cage connected to the earth.* 

This fact is very important in many experiments, as, by being 

♦ See page 7- 
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enclosed in metal tubes and cases^ wires and instruments can be 
protected from the induction of neighbouring charged bodies. 

Natuee ok the Induced Chauge. 

It is found that the induced charge invariably consists of 
equal quantities of positive and negative electricity. 

The electricity of the opposite kind to that of the inducing 
IxKly is on the side next to it and, in a conductor,* the electricity 
of the same kind is on the further side. 

Experiment. — Place a metal conductor on a glass stand near 
a strongly electrified body (such as the conductor of an electric 
machine, fig. 2). It will become charged by induction. Place 
two gold-leaf electroscopes at a sufficient distance from it for 
them not to be affected directly by the charged body. 

Let us now explore the metal conductor by means of a '^ proof- 
plane.^' 

A " proof-plane " is a metal disc about 2 inches diameter 
attached to an insulating handle. 

By means of it, a portion of the charge of any part of the 
conductor can be carried to an electroscope ; for on touching the 
conductor with the proof-plane, a portion of the charge passes 
to it, and, on touching the electroscope with the proof-plane, 
part of the charge which the latter has acquired passes to the 
former. 

Let us first touch the middle of the conductor with the 
proof-plane, and carry it to one of the electroscopes. No effect 
will be produced. This shows that all the induced charge is at 
the ends. 

Let us now touch the two ends respectively with two 
proof-planes, and then convey the charges obtained to the 
electroscoj)es respectively. 

Both sets of leaves will diverge, showing that both ends of 
the conductor were char<^ed. 

Let us now connect the two electroscopes by a fine wire held 
in an insulating handle. Both sets of leaves will collapse, show- 
ing that the electricities from the two ends were opposite in 
kind and have neutralized each other when allowed to combine. 

* In non-conductors the distribution of the similar electricity is more 
complicated. 



Earth Connection. 7 

Now charge a small pith ball^ suspended by a silk thready with 
the same electricity as that of the inducing body^ and^ bring it 
near to the far end of the conductor. 

It will be repel le<l, showing that the electricity of the far end 
is of the same kind as that of tho inducing body^ and^ therefore^ 
that of the near end of the opposite kind. 

Now remove the inducing body; all signs of electrification 
disappear from the conductor^ showing that the charges of positive 
and negative electricity were exactly equal in amount^ as they 
have neutralized each other when set free and allowed to combine. 

Attkaction ok Light Bodies explained. 

We now see why a charged body attracts light bodies not 
previously charged. It induces a charge opposite to its own on 
the near side^ and one similar to its own on the far side. The 
near side is attracted and the far side repelled ; but, owing to the 
smaller distance of the attracted side, the attraction is stronger 
than the repulsion and the body as a whole is attracted. 

Earth Connection. 

In certain experiments we wish to study only one portion of 
the induced charge^ namely, that induced on the end of the 
conductor which is nearest to the charged body. 

The charge on the far end can be removed to any distance by 
sufficiently lengthening the conductor. 

Instead of making the metal conductor of great length, we 
may carry a wire from it to the nearest water-pipe ; the whole 
world then becomes part of the conductor. The " near end '' is 
that of the metal conductor under examination ; and the '^ far 
end '^ may be considered to be somewhere in Australia. 

If a conductor " connected to earth '* be acted on inductively 
by a positively charged body, the whole charge on it will be 
negative — that is, all the parts near to the charged body will be 
negative, and no charge can be detected on the other parts, for 
they will all be in the same condition as the middle of the con- 
ductor in the experiment described on page 6. 

In speaking of this phenomenon we sometimes say that, when 
the conductor is connected to earth, the induced electricity of 
the " far end '^ escapes to earth. This must merely be considered 
as an abbreviated way of stating what occurs. 
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CHAPTER II. 

ELECTRICAL MACHINES. 

PoR the production of large quantities of etatical ekvtricity, 
various mat-hines are used, as the rubliingof a glass or sealing-wax 
rod with a handkerciiief, only produces a small amount. 

The principBl machines used are those which we are about to 
describcj namely, the " Friction machine," the " Holtz machine," 
iind the " Electrophorus." 

The Friction Machine. 

The Friction machine is essentiaUy an apparatus for con- 
veniently nibbing; glass ami silk together, anJ collecting the 
(electricity produced. 

It is made in several forms. The glana plale muc/iiiie (fi^. 2) 




(onsists of a circular plate of gliiss. which can be revolved on an 
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axis by turning a handle. Two pairs of cushions covered with 
silk press against it near its edges. The cushions are connected 
with the ground, so that the negative electricity produced on 
them can escape. 

The glass becomes highly charged positively. A massive 
brass conductor is fixed, insulated, to the stand of the machine, 
and two branches of it project so as almost to touch the glass just 
after it leaves the rubbers. 

These branches are furnished with a row of points to conduct 
the electricity from the glass.* On turning the handle, the con- 
ductor becomes highly charged with positive electricity. On 
placing the knuckle near the conductor, sparks can be obtained. 

A machine whose plate is % feet in diameter should, when in 
l^ood order, give sparks nearly 2 inches long. 

Glass machines are also made in a cylinder form. 

The objection to glass machines is their liability to break ^f 
nnd the impossibility of making them work in damp weather, 
owing to the way in which moisture collects upon the glass. 

Plate machines, which do not suffer from these defects, are 
sometimes constructed of ebonite. 

At the Cavendish laboratory at Cambridge, an elaborate 
machine for drying the air is erected in the electrical room. 

The Holtz Machine.J 

This machine works not by friction, but by induction. 

• See page 22. 

t When a machine is placed near the fire to warm it before use, it should 
ha^e the edge of its plate turned to the fire, as the plate is then less liable to 
crack than if placed with its side exposed to the heat 

X Theoby of the Action of the Holtz Machine. 

Holtz machines have been constructed in a cylindrical form. In this case 
the windows ai'e at opposite sides of a circular fixed cylinder, inside which the 
reyolving cjlinder turns. 

The combs are again inside the moving cylinder. 

The action of this machine is precisely the same as that of the plate form, 
and though it is not a useful machine for practical purposes, we will use it to 
explain the theory, as the diagram we shall require is more easily drawn for 
it than for the plate machine. 

The following explanation of the action is due to M. Mascart : — 

The theory of the machine in its various forms will be found very fully and 
excellently discussed in his Electricity Statique, T. iL p. 27K. 
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It consietB of two paraUcl liircular glass plates placed near to each 
other (fig. 3). One, D, which is solid, can be revolved rapidly by 
means of amaltiplyiiig wheel; tbe other, D', is fixed, and has in 
it three boles; one circular, at the centre, to allow the axis of 
the revolving plate to pass through— and two openings, F G, 
called " windows," at opposite sides and end» of a diameter, 
usually horizontal. Fixed attliehorizontiil edges of these windows 
are pieces of paper with somewhat blunt tongue-shaped points, 
aa,b b, projecting through the windows, so as to lightly touch 
the revolving plate. Near the other side of the i-cvolving plate and 
opposite to the windows are fixed metal "combs" connected re- 




spectively to tl e t vo d scl arg ng ds I etween which the spark 
is obtained. 

To work tl e mach ne one oft e p | e rmatures is charged by 
meansofapieceof ml bed ealngwaxo a t>mall friction machine, 
and the discharging lods, N N , P P , are placed iu contact with 
each other. After the machine has been set in motion (which 

The ojlindricttl form of the machine being represented by fig. 4. (in which 
the outer cjlinder iti not shown, but only the psj>er armatiirea which it 
•upporte) lot UH BuppOBB that the armature A is charged with (— ) eleo- 
trioity, that the movabln eylinder turns in the direction of the i 
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must be in such a direction that the plate travels towards the 
projecting tongues), the discharging rods are separated, and a 

thftt the balls P and N are iii contact, so that tbo conductor A' Iff is 
oontinnoQs ; this condactor is 
electrified hy induction. 

If the armature A is sofiB- 
ciently highly charged, the 
points A' will discbarge + elec- 
tricity upon the glass, and the 
points B* ( — ) electricity ; be- 
cause the induced charges are 
attracted through the glass by 
the charged armatures. 

The same phenomenon will be 
reproduced at least daring the 
fint half-turn of the cylinder, 
for the portions of glass which Z^ 

have received electricity, move 

away rapidly and permit the influence of the armature A to be again exercised 
on the conductor. 

At this moment the interior surface of the cylinder can be divided by a 
plane approximately horizontal into two parts oppositely electrified; the 
upper one (— ) and the lower (+). These electrified bodies contribute to 
increase the production of electricity by a series of reciprocal reactions. For, 
the armature B 5 by tlie induction of the two Bides has its base B charged 
with (+) electricity, and its point b with (— ) electricity, which discharges 
itself on the ex^erior surface of the cylinder; the same influence is exercised 
on the second armature, at the base A of which, the negative charge increases, 
while + electricity escapes by the point a. 

During the next half-rotation, the difference of potential at the ends of the 
conductor will be increased by the electrification of the second armature, the 
increase of charge of the first, and by the direct influence which is exercised 
on the points by the electric charge on the surface of the moving cylinder. 
If we neglect loss, the electrification ought to increase in a geometrical pro- 
gression ; but the apparatus soon attains its mnximum power, and the eleC" 
trification of different portions of it becomes constant. 

The two faces of the cylinder are always + at the lower and — at the 
upper part ; but the plane of separation between the charges of opposite signs 
is not horizontal. 

The + flow which escapes from the point A' encroaches on the negative 
portion because of the attraction which that portion exercises, and the 
repulsion of the lower portion. 

One sees this by the form of the luminous glow. 

If we neglect the difference of properties between the two kinds of electri- 
fication, we see that the two portions of opposite kinds, spread on the interior 
surface of the cylinder, will be separated by a plane a 3, not parallel to the 
line joining the points. In the same way the electricity which escapes from 
the paper points will distribute itself on the exterior surface of the cylinder 
in two zones separated by another plane a' j3'. 
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Btream of sparks passes iie long as the motion is contiuuipd. One^ 
jole gives { + ) electricity, and flie other (— ). 

FifT. 5. This engraving' represents a ]arg;e Holtz nineliine 1 
made by Mr. LadJ, having 34 ebonite plates — 12 fixed, \i. revolv- 
ing, each 2 feet in dinmeter.* It is enclosed in a plate-glaes cose, ' 
the air ineide which is kept dry by pumice-stone and Bulphuric 
acid. The handle and the discharging rods are outside, so that 
the machine can be worked withmit opening the case. It can 




be worked either by hand or stuani power. It is always ready 
for use, and gives very fine effects. 

The Ei,KCTBopiionua. Fig. 6, 

Among the various forma of this instrument, we will select 
for description that made for use with Sir William Thomson's 
electrometer. 

It consists of a circular plate of ebonite on a metal base, from 
which a brass pin comes through the ebonite and ends flush wiih 

• Iiicreasiug the number of pluUs does not much increajie the length of 
tlie ipark but grentlj increaaea the qaantity of electricity produiwd. 
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its upper surface. A brass plate of the same size as the ebonite 
has a glass handle fixed to its centre, by means of which it can 
be laid flat upon the ebonite. The ebonite is negatively charged 
by friction either with a catskin or 
silk handkerchief. The braiss plate, 
being laid upon it, becomes charged 
by induction — ^the under side posi- 
tively, the upper negatively. The 
pin allows the ( — ) electricity to 
escape to earth, the ( + ) being held 
by the attraction of the negatively 
charged ebonite ; and on removing 
the brass it will be found to be £ 
positively charged. An electro- " 
phoms 2^ inches diameter will give 
about -^ in. spark. 

A fresh charge can be obtained as often as the brass plate is 
lifted on and off the ebonite. 

When the instrument is made without an earthing pin, the top 
of the brass has to be touched by the finger each time, imme- 
diately before being lifted, in order to allow the negative 
electricity to escape. 
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CHAPTER III. 

QUANTITIES OP ELECTRICITY. 

We have stated that we only know electricity as a property of 
electrified bodies. 

We know that we can by certain means increase or diminish 
the electrification of any body. 

We have now to consider if the effects of such increase or 
diminution are the same as would have been produced if a quan- 
tity of a something which we call Electricity had been added to 
the body or taken from it. 

This is a matter of the greatest importance, for if such addition 
and subtraction were not possible, we should have no means of 
measuring electrostatic effects. 

" Electrification/' or, as we shall now call it, " Electricity,'' 
may be regarded as a quantity. That is, for instance : — If 
there be two bodies containing equal quantities of one kind of 
electricity, and the whole of the electricity in one be transferred (by 
any means) to the other, then the latter will contain twice the 
quantity of electricity which it contained before ; and similarly, 
if the electricity in a charged body be equally divided between it 
and one not previously electrified, the resulting charge of each 
will be one half of that previously in the charged body. 

For purjyosea of calculation, elecincUy of either kind may he 
treated precisely as if it was a material incompressible fluid. 

It, however, differs from a fluid in the fact that equal quantities 
of the two kinds neutralize each other, for we cannot conceive 
two material fluids such, that when they are mixed, both should 
disappear. 

The above does not in any way commit us to the idea that 
electricity is a substance. There are many other instances of 
quantities which are not substances. 
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No one^ for instance^ supposes pressure to be a substance^ and 
jet nothing is easier than to add two pressures together. Two 
equal weights in a seale-paii eaeh produce their own pressure^ 
and^ when put in it together^ produce a pressure double that pro- 
duced by either of them. Two horses can move a cart too 
heavy for one, because the pressures exerted by them are added 
together. 

Again, velocity is not a substance, but it is a quantity. 

For purpo9e9 of calculation ^ any increase or decrease of eleciriji^ 
taiion may he considered to he produced hy the addition or hy the 
iahiny avcay of a quantify of something {which we call electricity). 
This quantity can be added or subtracted by the ordinary rules of 
algebra f and for the two kinds of electrification has respectively a 
+ Of — sign. 

To perform any experiments on the addition and subtrac- 
tion of quantities of electricity, it is necessary that we should 
have some means of transferring tlie whole of the charge of 
electricity in a l)ody, from it to another body. This cannot 
be done by merely placing the charged and uncharged bodies 
in contact, for in that case the charge only divides between the 
two in a proportion depending on their relative sizes and shapes. 

Hollow Coxductor. 

It has been found by experiment that — 

If a hollow closed conducting body he charged, however highly, 
rith electricity, the whole of the charge is found upon the outside 
furface, and none whatever on the inside. 

Experiment. — Take a hollow metal globe, with a small opening 
at the top, or, for rough experiments, an ordinary tea canister. 
Let it be insulated by being hung up by white* silk threads. 
Charge it as highly as possible by means of the electric machine. 

Hang up a small metal ball by a silk thread, and touch the 
outside of the canister with it. On removing: the ball and holdin<j 
it near the electroscope, it will be found to be charged in the 
same wav as the canister. 

Now lower the charged ball down inside the canister. Let 
it touch the inside, and then be drawn out without touching the 
edge. 

* Coloared threads are Boroetimeti prepared with metallic djes, which %yo\\ 
their insulating power. 
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The hall will he found to be eowpletely diicltarged. 

However hig'lily we charnfe the hollow conductor, we shiilj 
still iiiid that there is no indication whatever of a charge dd its 
inside.* 

We now see how we can add together any number of chargM.. 

Discharge the hollow body. Let there be any number of Bmall 
conductors of any shape, and charged with any quantities of 
4- or — electricity. Lower them by ineulating threads into the 
hollow conductor, either one at a time, or several, or all together. 
Let them touch the inside, and draw them out without let- 
ting them touch the neck, and they will he found to be com- 
pletely discharged, and alt the electricity that was in them 
wilt be found iu one charge on the outer surface of the canister. 

Erperhnenl. — Charge the suspended ball with + electricity, 
by holding it against the conductor of the electric machine. 
Lower it into the canister and let it toucli ttie inside, the 
canister will now l>e feebly charged. On each repetition of the 
pTOcess, it wilt be found that the canister is more strongly charged. 

This is because the successive charges of the ball are added 
together on the canister. 

On introducing a small ( — ) charge, the electrification of the 
canister will he observed to diminish. 

ToTiL Quantity of Elkctricity phoddced dy Induction. 

It can be proved mathematically that : — 

The total qnaittitg of electricity, of the opposite kind to its oion, 
vrAich a charged body induces on neighboitriug bodies it exactly 
equal to its own charge. 

The following experiment illustrates this law ; — 
KrpeTimeiit. — Connect the hollow conductor to the electro- 
scope, and, inside it, suspend & positively charged metal ball, but 
do not allow it to touch the canister. Negative electricity will be 
induced on tlie inside of the canister, and positive on the outside. 

The latter will cause a divergence of the gold leaves. 

Let the outside be now connected to earth lor a moment 
by means of the finger or other conductor, 

* TbiB will nnt be foand to be otvictly true, I'loiie to the moalh of the 
csnbter. The mathematiual theory requires a. cloitd bollow body, 
experimenting we arc obliged to Wve an opening for tbe introduetion a 

the ball 
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The leaves will collapse, showing that the positive electricity 
has been removed. 

The negative charge is temporarily held on the inside of the 
canister by the attraction of the positively charged metal ball, 
and so produces no divergence of the leaves which are connected 
to the outside. Now let the ball be removed. The negative 
electricity is set free, and at once goes to the outside of the 
canister^ and the leaves diverge. 

We now have the ball charged with a certain quantity of 
positive electricity, and the canister charged with the total 
quantity of negative electricity, which that charge of posi- 
tive can induce* 

To show that these two charges are equal, we must add them 
together, and the result will be zero. 

This may be done in two ways. Either we may allow the ball 
to touch the canister, or we may lower ball and canister side 
by side into a larger canister, and let them touch it. 

In either case all sigm of electrification will disappear. 

Equal Quantities of -h and — always produced. 

We stated in Chapter I. that when electricity is generated by 
friction, equal quantities of -f and — are always produced. 

The following experiment illustrates this fact : — 

Experiment, — Place a large friction electric machine (fig. 2) 
on an insulating stool (i. e. a stool with glass legs), and connect 
the rubbers to the conductor by a wire. However rapidly the 
machine is worked, it will not even cause a divergence of the 
leaves of an electroscope attached to the conductor.* 

This is because the negative electricity produced on the rubbers 
exactly neutralizes the positive produced on the glass. 

We remember also that in Chapter I. we showed that the 
induced charge always consists of equal quantities of the two 
electricities. 

We can now state an important law : — 

If any system of bodies, however large , not previously electrified, 
he insulated, then, whatever electrification he, hy any means, de- 
veloped in any of them, still, provided that no electricity enters 
7r leaves the system, the algebraic sum of the electrifications will 
remain zero. 

* The handle shoald be insulated from the hand by a sheet of indiarubber. 
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CHAPTER IV. 

blectkic porce. 

Law op Electric Force. 

A VERY rough experiment will show us that if electrified bodies 
are some way apart, they will not attract or repel each other so 
strongly as if they are close together. In other words, when we 
increase the distance we diminish the force. We are now going 
to consider at what rate the force diminishes as the distance 
increases — whether it diminishes at the same rate as that at which 
the distance increases, or at a faster or a slower rate. 

Coulomb investigated this question experimentally by means 
of the torsion balance * which he invented for the purpose, and 
he proved the following law : — 

The force of aitr action or repulsion between two electrified bodies ^ 
whose sizes are very small in comparison with their distance apart^ 
varies inversely as the square of their distance apart ; that is to 
say, if the repulsion at a certain distance were equal to unity, 
then at double the distance the repulsion would be one quarter, 
at three times the distance it would be one ninth, at four times 
one sixteenth, and so on. 

Indirect Proof. 

It can also be proved mathematically that this law is the only 
one consistent with the fact that there is no electricity inside a 
hollow conductor. 

Now as our means of detecting electrification are fiir more 
delicate than those for measuring electric forces, the fact of the 
non-electrification of the inside of a conductor gives a more 
accurate proof of the law of force than any direct measurement 
can do. 

• See p. 33. 
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Cavendish,* in 1771-81, phowed by this means that the law 
of the inverse squares mast be accurate to within 3^th part, and 
our modern electrometers show that it is accurate to within 1 
part in 72,000. 

Force depends on Charges. 

The force between two electrified bodies dependit on the 
charges of electricity on each, as well as on their distance 
apart. If the one body is charged with a quantity of electricity 
called e units of electricity, and the other body with one unit, 
then, when the bodies are at any fixed distance, say one centi- 
metre, from each other, the force between them is found to be 
proportional to ^, the charge on the first body. 

It is also found that, if the second body be charged with two 
units of electricity, the force will be proportional to 2^ (twice e) ; 
if withthree units, 3^, etc. Now, suppose it is charged with any 
number of units, and let us call that number ^, the force will be 
proportional to tf tf' {e multiplied by e'), or the force between two 
imall electrified bodies one centimetre apart is proportional to the 
product of their charges. 

The units are so chosen that the force is actually equal to this 
product, when the distance is one centimetre. 

And by Coulomb's law it will at any other distance be 
equal to the product of the charges divided bi/ the square of the 
distance. 

If we write this symbolically, we say that the repulsive force 

between two small spheres separated by a distance r (which is 

great when compared with the radii of the spheres) ,t and charged 

e ^ 
respectively with e aud d units of electricity, is equal to — s-. 

r 

We see that, when the charges are of similar sign, the expression 

for the force will be ( + ); and when they are of different signs 

there will be a (— ) repulsion — i.e., an attraction. This expresses 

the fact that similar electricities repel, and unlike attract. 

Physical Nature op Electric Force. 
The phenomena of electric attraction and repulsion, as well as 

• The Electrical Researches of the Hon, Henry Cavendish, F,R.S, 
Edited by J. Clerk Maxwell, F.R.S. Cambridge, 1879. Art. 217. 

t When this is not the case, the inductive action of the two spheres on each 
other so distarbs the distribution of the electricity on them as to alter the 
attraction. 
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tliose of induction, sliow us that the influence of a tody charged 
with electricity extends for n oonsiderahle distance all round it, 
for it can act on bodies at a distance from it. 

The question, " How is this action conveyed aon)S8 the inter- 
mediut« space?" is the most important in a!t electrii^al science 
If we could answer it completely we should probably be able to 
comprehend the physical nature of electricity itself. 

To say that tlie efTccts are dtie to a "direct action at a 
distance" is really only re-stating the question. 

Although the hypothesis of "direct action at a distance" is a 
convenient one for mathematical calcuJatiun, itconveys absolutely 
DO physical meaning to our minds at all. 

We are at once met with the further question, " What is the 
nature of this direct action ? " " How is it transmitted ? " 

We at once endeavour to imagine of what the connecting link 
between the attracting bodies is composed. The hypothesis of 
direct action at a distance assumes that it is not composed of 
matter, and we have at least a difiiculty in conceiving of a link, 
strong enough to move material bodies, composed of anything 

A Medium necessau?. 

There is no doubt that there must be some physical and material 
connecting link whenever electrical action of any kind is trans- 
mitted from one body to another 

The only manner in which we can in an^ way account for the 
observed facts of attraction, repulsion, and induction, is by as- 
suming that the forces are transtntlled by a atraln* or dU/orlwa of 
(he medhm which flU the space ieftceeu the electrifed hodiet. 

We have seen that eleetuc forces act through air, glass, and 
all other insulators, and we have every reason to believe that the 
forces are transmitted through them by a strain or distortion of 
their particles. 

* The word " Btroin " Ih in pliygics delined to mean " an Bltemtion of size or 
shapp." Any alteratiun of size or ehape whatever is called a strain. The word 
incluJm ixiiupreasiimand extension — ns, for instance, that of a piece of stretched 
india-TuUber where the length inoreasea and tbe breadth diminishes. It 
includes all altfrationa of volume, as oompresBion or eipanninn of a gaa. all 
twisting and bending*, and all vibratory motions other thi ' 
body ax a whole. 

It does not inclnde the force producing the allenitioi 
A fori'e which produces a straia is called a " stresH." 
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Numerous argnmeDts in favour of this hypothesis will be given 
later on in this book. 

When a weight has to be moved by pushing it with a pole or 
polling it by a cord^ the mechanical action is transmitted in a 
very similar way, for the portion of the pole or rope nearest 
the hand is strained by being compressed or stretched. Then, 
as it recovers its shape, the strain is transmitted to the next 
portion, and passes on until it and the force reach the body. 

The transmission of strain may be very beautifully seen at 
any railway station where shunting is going on, if a train of car- 
riages is being pushed by an engine which happens, instead of 
giving a steady pressure, to strike a slight blow on the carriage 
nearest to it. 

The furthest carriage does not at once move, but the buffer- 
springs of the first are compressed — that is, the first carriage 
is for an instant ''strained'* by having its total length, from 
buffer to buffer, shortened by some inches. 

It instantly recovers from this strain, by the expansion of 
the springs; but as it cannot expand towards the engine, it 
expands away from it, and transmits the strain to the next car- 
riage by compressing its buffer-springs, and the process is re- 
peated till the force is transmitted all the way from the engine 
to the carriage furthest from it. 

Jn this case of transmission of mechanical force, the strain is 
a simple compression and expansion, but in the case of the 
electrical forces we have no means of knowing its exact nature ; 
it is probably a much more complicated phenomenon. 

The Etuee. 

In addition to being transmitted through air, glass, and other 
insulators, it is found that the electric forces are transmitted, not 
only across the best vacua we have as yet been able to pro- 
duce artificially, but certainly also across the inter-planetary 
spaces. 

There is no doubt that the earth is affected by electrical pheno- 
mena occurring in the sun* 

Now we know that in these spaces there is no matter such as 
we are commonly cognizant of, and we must therefore suppose 

• See Chapter XVI. 
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them to be filled with matter in an excessively attenuated 
state. 

We call this matter ^^ Ether ^^ and suppose it to be a fluid many- 
million times thinner than air, and having very great elasticity. 

In the fourth part of this work we shall endeavour to show that 
this ether is the same medium which conveys the light and heat 
from the sun to the earth — that is, that Light, Radiant Heat, 
Electric and Magnetic Induction are all different disturbances of 
the same ether-sea. 

We must consider that this medium transmits electric forces, 
but does not in general exhibit electrical properties of its own. 

We must consider the ether all round a charged body to be in 
a strained state ; but we know that no electrical properties are 
exhibited at any point near the charged body, until a portion of 
ordinary matter is placed at that point, and' then the matter 
receives electrical properties from the medium immediately sur- 
rounding it. 

The strength of these electrical properties depends on the 
amount of strain of the medium- at the point. 

We may, if we choose, consider that the ether permeates all 
bodies. 

We shall presently show that electric forces are transmitted 
through different insulators with different strengths. 

We may either consider that electric forces are transmitted 
through ordinary bodies by strains of their particles, and only 
through so-called empty space by strains of the ether; or we 
may eay that all electric forces are transmitted by strains of the 
ether, but that the ether in different insulators is modified in 
some wav which will account for the difference of transmission. 

As we have as yet no experimental means of comparing the 
merits of these two hypotheses, we may adopt whichever seems 
most convenient for purposes of calculation. On the whole I 
think the latter is the most useful. 

Pointed Conductor. 

Experiment — Fix a fine metal point to the conductor of the 
electric machine and work the machine. 

It will be impossible to collect any appreciable charge on the 
conductor, the electricity all escapes by the point. 
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EXILANATION.* 

Let M P N, fig. 7, be a section of a pointed charged conductor, 
and let us consider the forces tending respectively to drive off a 
unit of electricity from a position S on the side of the conductor, 
and from its point P. 

The electricity on the side M P has no effect in tending to 
cause an escape of electricity from S^ for no part of it can act on 
S in a direction perpendicular to the surface, M P. Such por- 
tion of the electricity on the side N P as is moderately near to 
S will act on it. In fig. 7 we see that there is no electrified 
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surface within a distance of 1 or 2 of S, a very small por- 
tion within a distance 3, and a portion A B within a distance 4, 
We see that, as the force diminishes as the square of the distance, 
there is only a very small force acting on S, and even that acts 
at such an angle to the surface M P that only a small fraction of 
it acts perpendicular to M P j and further, when, instead of a 
section of the pointed conductor, we consider the whole of it, we 
shall find that, ns we get neater to S, the electricity always acts 
more diagonally upon it. 

Upon P, on the contrary, there is electricity acting at all the 
distances from zero to 4 and further; and it all acts almost 
directly in the direction tending to drive off electricity from the 
point P ; and this is still the case when we consider the whole 
conductor instead of the section. 

There will therefore be a very much greater force tending to 
drive electricity from a point than from any other portion of a 
conductor. 

Lightning Conductors. 

The same reasoning holds if the air is the charged body and 
the metal the way of escape, for in the above experiment we 

* The following proof is due to Mr. W. E. Ayrton. 
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have no means of knowing whether the diminution of the electri- 
fication of the pointed conductor is due to a loss of one kind of 
elect riti cation or to a gain of the other kind. 

This is the reason why lightning conductors are made pointed. 
The force at their ends is very gi-eat, and therefore the elec- 
tricity of the air is quietly carried away to the ground. At 
first most conductors were made with knobs. Then the electricity 
accumulated at the surface until the electric force was sufficiently 
great to cause a spark. It was held that the knobs must be the 
most efficacious, because the lightning was seen to strike them, 
and never struck the points. The fact that a point prevents the 
lightning from ever striking at all was not known. 



CHAPTER V. 

DENSITY. 

Thb more intense the electrification of a body, the greater the 
electric force, and the greater the tendency of the electricity to 
escape to surrounding objects. 

The intensity of the electrilication at any point of a body or 
a surface is called the Electric density at that point. 

The charge of a body is the quantity of electricity in it. 

The volume demit y at any point of a body, when the density 
is uniform, is the charge or quantity of electricity in each cubic 
centimetre of volume. 

When the density is not uniform, the volume density at any 
point is equal to the quantity of electricity which there would 
have been in the cubic centimetre surrounding the point, if the 
density at every point of that cubic centimetre had been the 
same as that at the given point. 

The surface density at any |K)int of a surface, when the density 
is uniform, is the quantity of electricity on each square centi- 
metre of surface. 

When the density is not uniform, the surface density at any 
point is equal to the quantity of electricity which there would 
have been in the square centimetre surrounding the point if the 
density at every point of that square centimetre had been the 
same as that at the given point. 

The force with which the electricity endeavours to escape from 
any particular portion of a surface increases with the density at 
that portion of the surface. 
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CHAPTER VI. 



POTENTIAL.* 



Definitions. — Whenever electricity moves, or tends to move, 
from one place to another, there is said to be a *' Difference of 
Potential " between those two places. 

The place //•(?/;i which positive electricity tends to move is said 
to be of higher potential than the other. 

Suppose a quantity of electricity to flow from the one point to 
the other, then the " Difference of Potent ial,^' or as it is also called 
the ^'Electromotive Force'* between those points is a quantity which 
expresses the amount of work which each unit of the electricity 
could do on its journey^ if it were all utilized by being passed 
through some perfect machine of which it formed the motive 
power. 

Difference of potential is calculated as follows : — 
Let a unit of electricity be forced from the one place to the 
other, in the opposite direction to that in which the electric forces 
lend to move it; '' Mechanical Work" will have to be done on it 
by a man, a steam-engine, or other source of power. 

The difference of potential between any two points is defined to be 
numerically equal to the amount of work required to force a unit of 
electricity from the one point to the other , in the direction opposed 
to that in which it tends to move. 

The expression " Potential at a Point*' is an abbreviation for 
" Difference of Potential between the point and the Earth.*' The 
potential of the lilarth is taken as the standard, and is called 
zero. 

In the same way the expression '' height of a roof is an 
abbreviation for '* difference of height between the roof and the 

* The definitions and statements given in this chapter apply to statical 
electricity. In their application to voltaic electricity, certain limitations 
have to be introduced which will be noted in their proper place. 
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surface of tie earth/' The height of the earth^B surface is taken 
as the standard and called zero.* 

Very low potentials, that is potentials much lower than that 
of the earth, are sometimes called high negative potentials. 

We know that similarly charged bodies repel each other — that 
is, that electricity has a tendency to move from points near a 
chai^;ed body of similar sign to points further off. 

We therefore say that points near a charged body are of nume^ 
rically higher potential than points further off. 

When we know the charge of the body, the distance of each 
of any two points from it, and the law of force, we can calculate 
the difference of potential between those i)oints by means of the 
Integral Calculus.f 

The result of the calculation is, that if e be the charge of the 
inducing body, r^ and r, the respective distances of the points 
from its centre, we shall have 

Difference of PoteDtial = - — . 

If one of the points r, is on the earth, then - is the potential 

of the earth, and the '' Difference of Potential " between the other 
(fj) and the earth is -, and we have agreed to call this the 

" Potential at fj,*' and we write it \^ . 
It can be shown mathematically that the jioienlial at any point 

* A roof 100 feet above the ground is thus said to be 100 feet high, but if 
we had taken the centre of the earth for our standard, we should with equal 
correctness have said that the roof was about 4000 miles high. 

t Let Y be the potential, e the charge, rj, r^ the distances respectively, we 

have (remembering that the attraction =—..), 

r 

When one of the points is on the earth, we assume 

1 = 0, 

or that the potential of the earth is zero, which gives 

^1 r, 
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fine to two or more charged bodiM is t/ia algelraic i 
polentiaU due to each.' 

If two condiictnrs, wbicli areof different potential, be connecteJ 
by a wire or other conductor, electricity will flow from one to the 
other as long as Uie poteiitinls continue to (liffer.f 

If, by ike expendilare of work, the difference of potentials is tept 
up, the flow may continue indefinitely; but if no work is ex- 
pended, nil parts of the conductor instantly reach the same 
potential ; and we may state that — 

JUporiioni of a conductor of any one material, tnljecl only to 
tlaticalforcei, are alutaj/t at tAe same potential. 

For, by definition, a conductor is a body in which electricity 
can obey any tendency to move, and, in a conductor, electricity 
goes on moving from places of high to pluces of low potential, 
until there is no longer any tendency to move — that is, until all 
the conductor is at the same potential ; and this adjustment takes 
pkce in an extremely small fraction of a second. 

Electro- Statics and Elbctuo-Kinetics. 
As long as a flow of electricity continues, and is kept up by the 
expenditure of work, the conductor has properties different from 
those of a simple electrified body. That branch of electrical 
science which treats of the properties of simple electrified bodies 
is called Elect ro-Stalio, because in them the electricity is supposed 
to be at rest; and that branch which treats of the £ow of elec- 
tricity is called Electro-KlneUci. See Part III. 

Equipotentul Points, Lines, and Sdkfaces. 

Points whose potentials are equal are called " Equipotential 

Points." If a series of such points form a line, it is called an 

"Equipotential Line." If the potential at every point on a 

surface is equal, it is called an Equipotential Surface. 

Equipotential Sdukaces. 
The potential due to a charged body has its greatest numerical 
value at the body itself, and diminishes in all dii-ections. 

• For the potential is caloutttted from the fiirco acting, and when two 
or more forces acC at onue, tbi^ir eflVct Ik tbe sum of the eSi^cta due to eacb. 

"t The tivo conduutors Wing of the saine metal und at the sume tpiopenitiire. 
(See Chapter XLII.) 
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Let us take some given point near any one \yoAy where the 
potential has a certain value. There will, in general, be a number 
of other points where it has the same value. If, for instance, our 
first point is to the right of the body, there will probably be a 
point of the same potential at a certain distance on the left hand 
of it^ and others above and below, &c. 

In general there will be an infinite number of points of the 
same potential situated all round the charged body. 

Let us imagine a surface to be drawn through all the 
points whose potential has some particular value. It will form a 
closed surface all round the body. 

Such a surface or shell is called an ^' Equipotential Surface,^' 
because at all points of it the potential is equal. 

Now, if we construct several such surfaces for different values 
of the potential, we shall have a series of shells, each enclosing 
the one corresponding to the next higher numerical value of the 
potential. 

When there is only one electrified body, and that a sphere 
uniformly electrified, the equipotential surfaces become a series 
of hollow spheres, whose common centre is the centre of the 
electrified body. 

When there is more than one electrified body, or when it is not 
spherical, the surfaces are of less simple form. 

There is no force tending io move eledricify from one portion of 
any equipotential surface to any other portion of the same surface ; 
and a charged body can be moved from any one point on it to any 
other without the expenditure of any work at all. 

For whenever there is a tendency to move, there is, by defini- 
tion, a difference of potential ; and whenever work has to be ex- 
pended to move a charged body, there is, by definition, a difference 
by potential. In the case of an equipotential surface there is no 
difference of potential, and, therefore, no tendency to move and 
no work expended. 

The surface of every conductor of any one material, acted on 
only by statical forces, forms an equipotential surface.* 

Line op Force. 

Definition. — The line of Force at any point is the direction in 
which a charged body placed at that point tends to move. 

* See page 28. 
4 
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The line of force at any point is always perpendicular to the 
equipotenlial surface passing through that point. 

For^ if tlie direction of the force is inclined to the surface, the 
force may be resolved into two — one perpendicular to the surface, 
and one along it. But we have just shown that the force along 
the surface is zero, and therefore the whole of the force is pre- 
pendicular to the surface. 

Relation between Potential and Foecb. 

It can be proved mathematically that. — 

The force at any point i?i any direction is equal to the rate at 
which the potential begins to change^ as we begin to leave that point 
in the given direction* 

Potential and Charge. 

The electrifications of different parts of the same conductor, 
when acted on by inductive forces, may be very different, but the 
potential of every part of it will still be the same. 

Thus, if a conductor (A) be placed on an insulating stand, near 
an electric machine (as on page 6), electroscopes placed at its 
two ends will diverge with opposite charges, while one placed at 
the middle would not diverge at all. But if an electroscope be 
placed at a distance, and a wire brought from it to the con- 
ductor (A), then the divergence of the electroscope will depend 
only on the potential to which the conductor (A) has been raised 
by the induction of the machine, and will be exactly the same at 
whatever point of the conductor (A) the wire is attached. Hence 
an electroscope, protected from direct action,t and attached to any 
conductor by a wire, measures the potential of that conductor. 

* For rate of chaDge is - . Let /be tbe force; we have by definition 

d r 

\ =ffdr-\-C, whence j-^ =/. 
t See page 5 (Metal Screens). 
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Electroketers and Electroscopes are instruments for measuring 
the strengths of the attractions and repulsions between electrified 
bodies. 

By measuring the force of repulsion between two charged bodies 
at different distances^ Coulomb established the law according 
to which electric force diminishes with the distance. (Page 18.) 

By means of a suitable electrometer we can also measure the 
poUniial of a charged body, or that of any point in its neigh- 
bourhood. (See preceding page.) 

The two earliest types of electrometers were Cavendish's and 
Lane's. 

Cavendish's Electrometer* 

This was invented between 1771 and 1781, and 
consists of two pith balls hung, touching each other, 
by two linen threads. When similarly electrified, 
they repel each other, and diverge more or less 
according to the strength of the electrification. 

Lane's ELECxuoMETER.t 

Fig. 8 is copied from the PhiL Trans, 1772. A 
wooden stem C is mounted in a metal socket, which 
can be screwed into the conductor whose electrifica- 
tion is to be measured. A pith ball, fixed to a straw 
stem A, hangs from a pivot at the centre of a 

fig. a. divided semi-circle B. 

Electricity is communicated from the metal socket to the ball, 

• Cavendish's Electrical Researches, edited by J. Clerk Maxwell, F.R.S. 
Camb. Univ. Prens. 1879. Art 2-11. 
t Ibid., Art 559. 
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which is repelled. The number of degreeB over which the straw 
passes gives ii rough idea of the strength of the el L'ctHK cation. 

Thb Gold-lkaf Electeoscopi;. 

The gold-leaf electroieope (fig, 9) consistg of two strips of gold 
leaf, which in a large instrument may be 4 inches long and 1 
inch wide, hung together by their npper en<Is to a metal rod. This 
rod is fixed through a hole iu the top of a glass Ebade, insida 




which the gold leaves Lang. The upper end of the rod terminates 
in a flat hr.iss plate. 

When an electrified body is placed on the plate, a portion of 
the electricity passes to the gold leaves, and charging tham both 
with the same kind of electricity, causes them to repel each other 
and diverge as shown in fig. 9. 

Owing to the lightness of gold leaf, this is a sensitive instru- 
raent for detecting the presence of small quantities of electricity. 
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Coulomb's Torsion Balance. — Plate I. 

The first great improvement in electrometers was made by Oju- 
lomb^ who^ about 1785^ published an account of an electrometer 
which^ from the principle of its construction^ is called the " Tor- 
9\on Balance!* 

The torsion exerted by a thread, suspended vertically, is the 
force tending to twist the lower extremity, when the upper ex- 
tremity is turned through an angle. 

If a weight be suspended by a piece of string, and the upper 
end of the string twisted between the finger and thumb, the 
weight will begin to revolve. 

If the weight is prevented from revolving by the fingers of the 
other hand, a certain force will have to be exerted to stop it. 
This force is equal in amoimt,but opposite in direction, to the force 
exerted by the torsion of the thread. The amount of force called 
into play by turning the top of the thread through a certain angle 
depends on the thickness and length of the thread and the weight 
suspended from it. It is obvious that, by making the thread long 
and thin and the weight small, a very large angle of twist can be 
made to exercise a very small force. 

In Coulomb's torsion apparatus (Plate I.) a very long fine 
thread is suspended in a vertical tube. At the top of the tube is 
a horizontal circle divided into degrees called the torsion circle, 
which can be turned by means of a short vertical rod fixed to 
it through its centre. A pointer, or in delicate instruments a 
vernier, fixed to the tube shows the position of the circle. The 
thread is attached to the vertical rod passing through the circle. 
Turning the rod twists the top of the thread through an angle 
which is shown by the vernier. 

If a greater angle than 360^ is required, the circle must 
be turned more than once round, and a record of the number of 
turns kept. At the bottom of the thread is attached a light rod, 
usually a stout straw, arranged so as to hang in a horizontal 
position. At one end is a ball of pith, gilt. This gives a sphe- 
rical conducting surface with very little weight. It is balanced 
by another ball at the other end of the straw. The vertical 
tube, carrying the circle, stands on a horizontal glass plate, 
which has a hole in it to allow the thread to pass through, 
and forms the lid of the lower part of the case. This lower 
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part IB larg^e enough to allow the horizontal arm to swing freely. 
On the top plate ia engraved a circle divided into dL'gices : the 
bane consiBts of a piece of touking-glass. At one part of the 
top plate, at a distance from the centre equal to the radius of 
the straw arm, is a hole through which another gilt pith halt 
tixud to a vertical stem can be put. 

The position of the BUspended straw can be observed Ly means 
oF the engraved circle. The observer, looking down, moves his 
eye until a divisionof the circle, the straw, and the reflection of the 
same division in the looking-glass, are all in the same straight hne. 

To use tbe instrument the fiied pith ball is removed, and the 
torsion circle turned till the suspended pith hall occupies exactly 
the position formerly occupied by the fixed one. When it has 
come to rest in this position there is no torsion, and the reading 
of the torsion circle is taken as the zero. The fixed pith ball is 
then electrified and put in position, pushing the suspended ball 
to one Bide, and at the same time communicating half its charge to 
it. The balls now repel each other, and if the length and thickness 
of the thread and the strength of the charge have been properly 
adjnsted, the suspended arm should turn through from 30° to 45°. 

The position of the straw is noted, and the torsion circle ij 
turned so as to force the balls towards each other, until the straw 
pointer has moved through an angle equal to one division of the 
engraved circle. The number of degrees through which the toraion 
circle has been turned is then noted, and the process is repeated 
for several divisions until the bulls are forced rather near together. 
A tahle can t/iea be formed shoving the force ofrepithion correspond' 
ing to each decrement qfdis/aiice, for the force overcome in each 
case is simply proportional to the number of degrees through 
which the torsion circle has been turned. 

A slight modification of the arrangements will enable the 
force of atti-action to be measured when the two halls areoppo- 
sitfily electrified. 

The Torsion Balance is not at all an easy instrument to use ; 
it is not vei-y delicate, nor is it accurate enough for modem re- 
quirements. Its great defect h that the whole electrical force 
in it is that due to the electrification to be measured, which we 
remember is divided between the fixed and moving balls. When, 
aa is often the case, the electrification is very small, the balance 
shows a corresponding want of sensibility. 
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The problem to be solved for the improvement of electrometers 
was to obtain a considerable force for a very small quantity of 
electrification. Now we know that at any given distance the 
force between two charged bodies is directly as the product of 
their electrifications^ so that, if we double the charge of one 
and halve that of the other, we should still have the same force. 

To practically take advantage of this fact in the torsion balance, 
we should have to give the sphere attached to the susj)ended arm 
a high and constant charge. The force between it and the fixed 
sphere would then be considerable, even when the charge of the 
fixed sphere was very small, and would be simply proportional to 
that charge, whatever it might be. 

This arrangement cannot be carried out in Coulomb's form of 
the torsion balance, but is the basis of Sir W. Thomson's beautiful 
quadrant electrometers, which we will now describe in some detail. * 



Sir William Thomson's Quadrant Electrometers. 

The principle on which the quadrant electrometers arl con- 
structed is as follows : — 

A metal needle, made of aluminium for lightness, and of the 
shape NN (fig. 10\ is suspended so that it can turn in a hori- 
zontal plane like a compass needle. 

This needle is highly charged and, in order to replace the 
electricity lost by actual leakage, 
it is connected to a Leyden jar. 
We shall describe the Leyden jar 
later (page 61); but it is suffi- 
eient for our present purpose to 
know that it is a kind of reservoir, 
in which a large quantity of 
electricity can be stored up. The 
needle is suspended by an ar- 
rangement analogous to a torsion thread, which tends to bring 
it back to zero after it has been displaced, and immediately below t 
the needle are four metal quadrants placed horizontally, as in 

• Report on Elect rometers and Electrostatic Measurements, Sir Wm. 
Thomson, F.R.S. Papers on EUctro -statics and Magnetism, page 260. 
Macmillan, 1872. 

t In fig. 10 the needle is placed between the quadrants for clearness, but 
its real position is that of fig. 11. 




PIff. 10. 
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fig. 11. Eueh is insulated from the one next it, but connected to , 
the one diagonally opi>oeite to it, as shown in fig. 10. 

Now, suppose the needle to have a charge of ( + ) electricity. 
Let the unshaded quadrants be connected to eartli, and the shaded , 
ones, liy means of the wire b, fig. 10, with the conductor whose 
electrification is to be measured. Electricity then Hows from the 
charged conductor to Ihe shaded quadrants until they are of the 
same potential as ilsclf. 

The direction of the de- 
I lection at once shows 
whether the electrification 
under examination is ( + )or 
( — ), for we see that if it is 
[ + ) the ends of the needle 
will be repelled by the 
shaded quadrants (fig. 10), 
and the deflection will be 
to the left, while if it is 
(— ) they will be attracted, 
and the deflection will be to 
the right. If the potential 
is high — that is, if the 
body under examination be 
strongly electrified — the de- 
flection will be large ; if the 
potential is low, it will be 
smaller. 
I/llie charge of the needle he always condanl, the deflection will 
be always the same for the stiroe potential ; and if a body has 
been charged to a given potential one day, it can be brought to 
the same potential any other day, by attaching it to the electro- 
meter, and varying its charge till the deflection is the same as it 
was before. 

If the shaded quadrants are charged positively and the un- 
shaded negatively, the action of all four quadrants will be to 
turn the needle to the left, and the deflection would be that due 
to the numerical sum of the potentials of the two opiwsite elec- 
trifications — that is, to their algebraic difference. 

The apparatus can be used for adjusting two potentials to 
equality; for if two similarly electrified bodies be attached to 
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Uie shaded and onsltsded quadrants res[iectivcly, they n-ill tend 
to turn the needle opposite ways, and tliu deflection will depend 
on tlicir diflercDce of potential. If now one of the electriti cation a 
be varied till there is no deflection, wo shall know that the 
potentials Imve been ailjusted to esoct equality. Tlie electro- 
meter is perhaps more used for this than for any other purpoee. 
This method of working is culled the " zero method." 



UK Electrouetku. 

1 1 is only a let'tnre model. 



PraCticaI, Foums of 

The instrament shown in fi^. 
The simplest form that is used for real work 
" Elliott-pat tem Thomson Electrometer." • 

The El-LUnT-FATTEllN I'Ilectiiometkb. 

This instrument la repre8ent*d in fig. \t ; it dilfen 
lecture model in that its metal 
quadrants are quarters, not of a 
disc, hut of a kind of "pill- 
hoi," iuBide which the needle 
han^. Both sides of the needle 
%n thus acted upon. 

The Leyden jav is placed at 
the bottom of the instrument. 
It contuins strong sulphuric 
acid, and the connection be- 
tween it and the needle is made 
by a platinum wire attached to 
I lie needle and dipping into the 
acid. The acid, by its affinity 
fur moisture, keeps the inside 
(if the apparatus always dry. f 

Three metal rods project from the instniment. Two (seen on 
the right) are connected rcEpectively to the two pairs of quadrants, 
and the third (seen in the front of the figure) can be connected to 
the needle when it is desired to charge it with electricity. 

The needle is suspended by what is called a " bifllar suspen- 
sion " — that is, it is bung by two fine silk threads, side by side, 

* It la made by SleBsm. Elliott BrciB., uf London. 

t When the instnunent i> in nM the acid muit be watched, as it i« apt m 
I0 increase in quantity bj the Absorption of moisture ae to overflow the jar 
alter a frw weeks. 
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and about -^ ineli apart. Aft*r tlie needle has been displaced from 
its poeition of rest, these threads always tend to bring it back. 

Tlie position of the needle can be adjusted by turning the head 
at the top of the glass ease to which the threads are attached. 

The instrument, when in use, is covered by a wire cage con- 
nected to earth, to protect the quadrants from the induction of 
neighbouring charged bodies.* 

The Elliott- pattern is extremely sensitive as an electrojMpe. 

It is, I think, the best pattern to use for all that large and 
important class of investigations where two potentials have to 
be adjusted to equality by the zero method (page 37); but as there 
are no means of ascertaining the charge of the needle, or of keeping 
it constant, it is useless for experiments where potentials have to 
be measured hy ohservations of the amount of the deflection. 

The Lamp, Scale, and Mirror, 

To detect and measure small angular deflections of a needle, a 
long pointer is necessary ; but, if a long mateiial pointer were 
attached to the needle, its weight would destroy the sensitiveness 
of the instrument 

Sir Wm. Thomson has therefore arranged a method by which a 
beam of light is made to act as a point<!r of any length, and abso- 
lutely without weight. 

A circular mirror, about \ of an inch in diameter, is rigidly 
attached to the needle by a atrip of platinnm, wliich projects up 
above the quadranU. 

A lamp and scale, of which the back 
(that is, the side furthest from the elec- 
trometer) is shown in fig. 13, is placed 
on the table about two feet from the 
instrument. The light passes through 
a small opening in the lower part of 
the scale, falls on the mirror, and ia re- 
flected on to the upper part, making a 
spot of light. The least motion of the 
needle and mirror, of course, moves the 
'*""^ spot along the scale. The distance 

which it moves is equal to that which would have been 

• PugB 6. 



( 




J 



TIu Quadrant Electrometer — White Pattern. 39 

traversed by the end of a pointer whose radius was double the 
distance from the mirror to the scale. 

The aperture through which the light passes is sometimes a 
vertical slit^ sometimes a round hole^ with or without a vertical 
wire stretched across it. 

Sometimes the mirror is plane^ and the light is brought to a 
focus on the scale by means of a lens. Sometimes the mirror is 
concave^ and the lens is dispensed with. 

When the slit is used^ the moving image is a vertical line of 
light; when the hole is used, it is a bright disc crossed by a fine 
vertical black linC) the image of the wire. 

The scale is usually divided into millims.^ and printed black on 
white glazed paper. 

In using a flat- wicked paraffin-lamp^ the wick should be placed 
"edgeways'' — that is, at right angles to the scale. 

White's Pattern. — Plates II. and III. 

This is the most elaborate form of the Thomson quadrant 
electrometer, and is made by White of Glasgow. 

The chief requirements of an instrument designed for actual 
measurement of potentials, and observations of deflection, 
are: — 

(1) A means of testing the constancy of the electrification of 
the suspended needle, and a method of adjusting this electrifica- 
tion very accurately — that is, of increasing or diminishing it by a 
very small amount. 

(2) A method of varying the directive force tending to make 
the needle return to its position of rest, and a certainty that, to 
whatever value this may be adjusted, it will remain constant. 

(3) A very accurate method of measuring the deflection of the 
needle. 

We shall shortly see how all these requirements are satisfied. 

Plate II. shows the apparatus in perspective, Plate III. in 
section. 

The body of the instrument consists of an inverted glass shade, 
supported on three legs furnished with levelling screws. The 
outside of this is coated with tinfoil, and the inside is partly filled 
with strong, pure sulphuric acid. This, being a conductor, forms 
the inner coating necessary to make the glass shade act as a 
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Leyden jar.* Opeuinga are left in the outer coating of tinroil, 
where neoessaryj to allow the interior works to be seen. 

ITie use of the sulphuric acid is to dry the working parts inside 
the oage, as in the Elliott pattern. On the top of the glasB is a 
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Fig. 1». 

flat metal cover, which we shall in future call the " main cover." 
On the main cover is a lantem-Khaped erection of brass with a 
flat glass front. In future we will call this the " lantern." 

From near the top of the lantern is suspended the needle, which 
han^ below the main cover. The quadrants form a box, and 
completely enclose the needle, as in the Elliott pattern, but are 
much smaller. In order to connect the needle with the inner 
coating of the jar, a platinum wire hanj^ down from it to the 
acid. To the wire is attached a platinum weight which hanga 
below the surface of the acid. This, by its friction in the acid, 
also helps to check the oscillations of the needle. The wire is 
protected by a wide metal tube. 

Thi'ee rods project above the main cover; two, called the 
" Electrodes," are connected to the two pairs of qnadrantfi re- 
spectively, and the third is used for charging the needle. 

The electrodes can be disconnected from the quadrants ty 
raising them. The left-hand one in Plate II. is shown raised. 

One of the qnodrants can be adjusted by means of a micrometer 
screw, whose head is seen in Piute II., and at the left side of fig. 14. 

• See page 61. 
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Ki|f. 14 is a druwing of tbe " main cover," as ewn from below. 
Id the centre aic the quadrants, and tbe tube ineide which passes 
tW wire from the needle to the acid. The replenisher [r) (see 
IK)^42) is on thuiel't, und the "Induclion plate ((}" (se«pa^44) 
\i above one of the quadrants on the ri^'ht. 

TiiB Gauob. — Fig. 15. 

The arrangemi-nt for knowing whether the polentiul of the jar 
needle remains constant ia as fullowe : — 

fetrthe top of tbo lantorn is a fixt'J horizontui metiil [ilalo 
ited with the needle 
and the inside of the Jar, but cauqi 

insulated from the rest of the 
instrument (see Plate III.]. 
Above this is an arm turning 
on a horizontal axis. The 
lighter end consists of asquare 
piece of sheet aluminium, 
which, when the arm is hori- 
lontal, liesparalleltotheliseil 
plate and just above it. It is 
charged by induction o| p"- 
siUly to the phitc, and is 
therefore attracted by it. 

Its horizontal axis consists 
of a platinum wire passed n^.n. 

through two holes in the 
plate and stretched over a 

little ridge on it. The heavier end of the lever terminates in a 
horizontal fork with a hair* stretched aci-oss it. A piece of white 
enamel, lixed to the stand, and hnving two dots on it, projects 
up through tbe fork. The buir and the dots are looked at to- 
gether by a lens. 

The balance is so adjusted that, when the proper charge has 
been communicated to the needle, the hair appears exactly be- 
tween the dots. If now the charge increases, the plate is 
attracted with greater force, and the hair is seen on or above the 
upper dot. If the charge diminishes, it descends to the lower dot. 

• It !■ fuund ihut a hnir from a bliick and tun terrier givcB the best 
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The replenlaher i 



A precisely eimilar gauge is used in the absolute electrometer, 
page 55. Fig. 15 has been drawn from the lutter instrument. 

Thus, any changu in the potential of the needle can be always 
observed. 

The RepLENisHBu. 

sed to alter the charge of the needle if 
necessary, and works by 
Iraiisferring small portions of 
the charge to or fi-om the 
iiuedle and jar as may be 
required. 

By means of it the hair is 
adjusted to lie exactly be- 
tween the dels. 

The repleiiisher is shown 

in fig. 16. Two fixed metal 

plates, connected respectively 

to the needle and the earth, 

act inductively on metal 

pieces carried on a revolving 

shaft. The charge induced 

on the latter is taken off by 

REPLEHiSHER Springs, which touch them 

*^^'^ at the proper point in the 

rotation, and conveyed to or from the needle according to the 

direction of rotation.* 

A few moments' use of the replenisber will supply the loss of 
24< houEs. 

A precisely similar replenieher is also used in the absolute 
electrometer, page 55. Fig. 16 has been drawn from the 
latter instrument. The two plates at the bottom of the picture 
belong to it, and not to the quadrant. 

The SrsPBNsiON. 

In the early instruments the needle was suspended by a single 

silk fibre, and brought back to its position of re^t by means 
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of a small magnet attached to it and a large steel magnet outside 
the case. 

In the modern instruments the bifilar suspension is always used. 

By means of an ingenious arrangement of screws^ the distance 
apart of the threads (on which the sensitiveness of the needle 
depends) can be varied from about ^ to J inch. The suspending 
threads consist of two fibres of unspun silk. Fig. 17 gives the 
details of the suspension. 

The stiff platinum wire which carries the mirror and needle has 
a cross-piece at its upper 
end^ to which are attached 
the lower ends of the two 
suspending silk fibres; the 
other ends being wound 
upon the two pins <?, rf, 
w^hich may be turned in 
their sockets by a square- 
pointed key^ to equalize the 
tensions of the fibres^ and 
make the needle hang mid- 
way between the upper and 
under surfaces of the quad- 
rants. The pins Cy d, are 
pivoted in blocks carried by 
springs e, fy to allow them 
to be shifted horizontally 
when adjusting the position 
of the points of suspension. 
The screws a, 5, which tra- 
verse these blocks, have 
their points bearing against the fixed plate behind, so that when 
a or ^ is turned in the direction of the hands of a watch, the neigh- 
bouring point of suspension is brought forward, and conversely. 
The needle may thus be made to turn through an angle, till it 
lies in the symmetrical position represented in fig. 10, when 
all electrical disturbance has been guarded against by connecting 
the quadrants with the inside and outside of the jar. The conical 
pin A passes between the two springs and screws into the plate 
behind ; by screwing it inwards the points of suspension are 
made to recede from each other laterally^ and the sensibility of 




Fig. 17. 
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the needle to a deflecting couple is diminislied, and conversely. 

At tlie top of fig. 17 is seen the plate which attracts the gauge. 

The Induction Platk. 

The instrument ib extremely Bensitive, and is primarily in- 
tended fi>r t 




very small diHerences of poten- 
tial. In order that somewhat 
larger differences may be mea- 
BureJ, the Induction Plate is . 

introduced to dirainisli the sen- 
sitiveness. 

Fig. 18 represents a vertical 
section through it; e is one of 
the qnadrantSj e the induction 
plate, I the glass stem which supports it ; a is the electrode. 

M'ben it is desired to measure an electrification too high for 
the ordinary arrangement of the instrument, the electrified body 
is connected to the induction plate instead of to the quadrant; 
and so the potential of the quadrant, instead ol' being that of the 
body, is only that induced by the charged plate, which is small 
and at a considerable distance from the quadrant.' See also 
Plate III. and » fig. 14. 
" Sir William gives the fallowing directioiiB for farther grades of diminished 

The oonneRtione may be further varied so at ta produee other deftrees of 
aenailiilitj' giving indications perfectly trustworthy and araiUble for I'uni- 
puratire measuveuietita. The different methods of forming the eunnections, 
with or nilhoiit an inductor, are indicated in the following table, where R 
means the tltctri'de of the pair of quadrants marked RR' in tig. 19, L that 
□f the pair LL', and I that of the induction-plate ; C is the conductor li^d 
from one of the bodies experimented upon, O thu condui^tor led from the 
other and connected to the outer jnetuUic cane of the instrument, which may 
be insalated from the table if ne<.-e8sary by placing a small block or cake of 
clean paratlin under each of the three feet on which the instrument standi 
(B) or (L) means that the electrode of BR' or Li; is to be raised no a« to be 
disconnected from its pair of quadrants. Thus in the grade of diminished 
power or sensibility standing lii'st in the tnhle on the right, the electrode L 
is raised, one conductor in connected with R ; I and the other with the case 
of the iniitrnment. The grade standing lust in the table, in which L and K 
are both raised, 1« tlie least sensitive of all. In each of these method* the 
correctness of the indioHtians has been verified by measurenients taken simul- 
tuneouBly with the Standard EieL'tnimeter [a modification of the absolute 
electrometer described on pg«i 53 — S8j, tlie measured difference of poten- 
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The Scale. 

The deflections are measured by a lamp and scale similar to 
that nsed with the simpler instrument^ except that the scale, in- 

tiuls being tbat of the earth and of a Leyden jar fitted with a replenisher, by 
means of which its potential watt varied so as to make the deflected image 
stand at all points between the extremity of the scale and the zero position. 
The working of the rcpleuiHher being suspended at intervals to allow an 
accurate reading to be taken of tlie position of the image and the indication 
of the Standard Electrometer, the subsistence of a correct proportion between 
the deflection and the measurement obtained from the Standard Electrometer 
was verified at all points of the range. 



WITHOUT INDUCTION PLATE. 
Full Power. 

PLC "I rRci 
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Diminished Power. 



WITH INDUCTION PLATE. 
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The facility afforded by the 
number of these arrangements 
for varying the sensibility of 
the instrument even to a mode- 
rate or slight degree without 
altering the adjustment of the 
fibres, will be found useful in 
some kinds of observations. For 
instance, if it be desired to 
observe the fluctuations of a 
varying potential, a degree of 
sensibility which throws the 
deflected image nearly to the 
extremity of the scale will cause 
the fluctuations to be twice as 
sensible and accurately read as if 
the deflection were only half as 
much, as they will bear the same 
proportion to the whole deflection 
in the two cases. 



46 Electro-Statics. 

st€ad ot* beiDg straight, is curved into the arc of a circle with the 
mirror as centre. The actual angle of deflection can then be at 
once calculated from the number of divisions of the scale passed 
over by the light spot. 

By substituting a lime-light for the paraffin lamp^ and using 
a larger scale^ the instrument can be used for lecture purposes. 

I have not given directions for adjusting and using the electro- 
meter^ as very full ones are sent out in pamphlet form with each 
instrument. 



CHAPTER VIIL 

ON THE THEOaY OF ABSOLUTE MEASUREMENT. 

Of late years men of science have recognized the importance of 
being able to refer all measurements to a common system of 
units, or in other words, to render the numerical values of 
physical quantities independent of the particular instruments 
used to measure them. 

We can easily imagine what confusion would be caused in the 
commercial world if there were no recognized standards of 
length and weight, but if every tradesman sold by an arbitrary 
weight and an arbitrary measuring-stick of his own. 

An almost equally great confusion reigned in the scientific 
world till the system of absolute measure was developed by the 
labours of Gauss, Weber, Thomson, Fleeming Jenkin, Clerk 
Maxwell, Balfour Stuart, and others. 

An electric force, for instance, was defined by one observer as 
one that required a torsion of 1000^ of the tliread of his torsion 
balance to neutralize it. The same electric force, however, if 
measured in another person's balance, would be equal to quite a 
diflTerent number of degrees of torsion. 

Before Fahrenheit invented the first thermometer scale with 
absolute reference points, the same number on different thermo- 
meters represented quite different temperatures. 

For the intensity of light no absolute scale yet exists. 

But chiefly the defect was felt in the methods of measuring 
electric currents and resistances, and electro-magnetic effects.* 
Now, thanks partly to the requirements of the submarine tele- 
graph companies, who have found it worth while to spend large 
sums of money on having these methods improved for them, the 
latter have been brought to a very high state of perfection 

indeed. 

• See Part ILL 
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Absolute Uxits. 
The outline of the syBteoi of absolute measure is this 



i eiioauii, and frum 
me, velocity, force, 



., potential, 



I 



Certain units of mass, length, anil tim 
them the derived units of density, area, 
momentum, energy, &c., are deduL-ed. 

From these again are obtained units of electrificatio 
electric current, electric resistance, &c. 

All these units, fundamental and derived, are called absolute 
units. 

AflSOLCTK iNSTaUMENTS. 

Instruments for the lueaaurement of electrical and other 
physical quantities whose scales are arranged to give the values 
of the quantities nacasurcd, in these absolute units are called 
absolute instruments. But as they are usually very expensive, 
very heavy, not portable, and not convenient to work with, 
smaller instruments with arbitrary scales are constructed. 

Measurements of several values of the same physical quantity 
mode by the small instruments are compared with measurements 
of the panie values made by an absolute instrument, and a table 
of comparison between the scales is constructed. 

This process is called ilelei-mining the couttanii of the smaller 
instrument. An arbitrary in struraeut whose constants have been 
determined bec"mes an absolute instrument. 

Choice of Units. 

The English Government has, for electrical and magnetic 
measurements, adopted the foot, the grain, and the second as the 
standards of length, mass, and time respectively, and this system 
is still used in the st.-ite oliscrvntories. 

This system, though convenient for some purposes, is unsuited 
for scientific measurements, because the larger units of each kind 
are not decimal multiples of the smaller. 

The ounce, for instance, is not a decimal multiple of the grain, 
or the pound of the ounce. The yard is not a decimal multiple 
of the foot, or the mile of the yard. Every time that me.isure- 
ments in the smaller or larger units have to be reduced into the 



larger or smaller, a process 
be gone through. 



of div 
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C.G.S. Units. 

To avoid this labour and source of error^ scientific men have 
adopted a decimal^ or so-called metrical system. 

In this the second is still taken as the unit of time. 

The centimetre is the unit of lengthy and 

The gramme the unit of mass. 

The tj/siem of measurement based on these units is called the 
eentimetre-gramme'Second system, or briefly the CG.S. system.* 

Length. 

The centimetre is the one-hundredth part of the metre. 

The metre is theoretically the ten-millionth of the quadrant 
of the earth — that is, it is the ten-millionth of the result of a 
particular measurement of that qimntity. Practically it is the 
distance at 0°C. between two lines engraved near opiwsite ends 
of a standard platinum bar preserved in the Paris observatory. 

Should future measurements of the earth's quadrant give a 
number not exactly ten million times this distance, the standard 
metre will not be altered, but the earth's quadrant will be said 
to consist of more or less than ten million metres. The metre 
is equal to 

39-370432 inches, 
or to 

1-09362311 yard8,t 

the standard metre being taken as correct at 0°C., the standard 
yard at 

16 ^ C. (62« F). 

The metre is thus divided : — 

10 millimetres = 1 centimetre. 
100 miDims. = 10 centime. = 1 decimetre. 
1000 millims. ^ 100 centiuis. = 10 decims. = 1 metre. 



• See Units and Physical Constanis, by Prof. J. D. Ererett, F.R.S. 
Macmillan and Co., 1879. 

t For roughly realizing what number in a familiar measure a number 
expressed in the metrical system is equal to, we may put metre = 40 inches, 
decim. = 4 inches, centim. = <j{| inch, millim. = ^ inch. The kilometre 
ss 1000 metres nearly equals 5 furlongs. 
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Tiie gra i ne is tlieoretieally the mass of odc cubic ccntitin^tre 
of dUtilled witei at 4°C. 

Practically it la yg-'jnr ff t''^ loasg of a piece of platinum 
preserved at Pans 

The masses of two boJiea can be cotnpartd by simple weighing: 
at the same place without knowing the force of gravity at that 
place, because the force of gravity is the sdme at the two ends 
of the balance, and therefore the weights are proportional to 
the masses. 

The masses of two bodies at different places cannot he com- 
pared by sending the same spring balance to the two places, 
becnose, the force of gravity being different, the mosses are no 
longer proportional to the weights. 

Definilion. — Tke tnaix of a. bodff is i/te qitan/ify of matier in if. 

The weight of the body at any place is its mass multip]ie<l by 
the force of gravitation at that place. 

C.G.S. Deuived Units. 



TAe Jemifi/ of a siiisfaiice /« tie mama or quavfi/y of maKer 
per vail of v»l«me. 

In the C.G.S. system it is the number of grammes ic a cubic 
centimetre. We now see the reason why the centimetre instead 
of tbe metre has been chosen as unit. It is because it makes 
the density of water unity j tbe adoption of the metre would 
have made it 1,000,000. 

The densities of various substauees then remain equal to their 
specific gravities— that is, to the ratio of their densities to that 
of water — and require no alteration to reduce them to absolute 
measure. Hie adoption of the metre ns unit would have neces- 
sitated multiplying the specific gravities by 1,000,000 to give 
the densities. 

We may here note that, of the two units of density and mass, 
we must assume one, and then can derive the other, hut it is 
unimportant which. 

The advantage in assuming a unit of mass is that masses can 
be compared more accurately than densities. 

We can either say, as we have done, tliut the density of a 
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sabstance is the mass (expressed in arbitrary mass nnits^ viz., the 
mass of a piece of platinnm iu Paris) in unit of volume^ or we 
can say that the unit of mass is the quantity in a unit of volume 
of a substance (distilled water at 4®C.) whose density we arbi* 
trarily take as unit. 

The platinum unit of mass has been constructed, so far as 
possible, to make these two definitions identical ; but if, owing 
to better determinations of the density of water, they should 
cease to agree, the unit of mass will not be changed, but a 
correction will be applied to the density of water. Mean- 
while, the densities of other substances being determined ex- 
perimentally by the ratio of those densities to that of water, 
the numbers expressing these ratios (the specific gravities) will 
remain unchanged, but will have to be multiplied by the new 
value of the density of water to give the true densities. 

Velocity. 

The velocity of any hody moving with uniform velocity U the 
number of ceniimetrei that it traveU in a second. 

The velocity at any instant of a body moving with variable 
velocity is the number of centimetres that it would have 
travelled in a second if it had gone on moving uniformly for 
a second with the velocity that it had at that instant. 

A body moving at the rate, of one centimetre per second 
has a velocity unity,* or the unit of velocity in a velocity of one 
centimetre per second, 

ACCELEEATION. 

Let a point be moving with variable velocity ; if the velocity 
is increasing, the motion of the point is said to be accelerated. 

If the velocity is diminishing, the motion of the point is said 
to be retarded. 

For convenience of calculation, both increase and diminution of 
velocity are called acceleration, but diminution is called negative 
acceleration. 

It may easily be seen that this convention is legitimate, for if 
a moving point is being equally accelerated and retarded, its 
velocity will remain constant — the algebraic sum of the accelera- 
tion and retardation is zero — which shows that the retardation 

* This, the unit velocity, is equal to about 40 yards per hour. 
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may be coiisiJered as a quantity equal in magnitude but opposite 
in sign to the positive acceleration. We may dow define the unit 
of acceleration. 

Uni/orm aeeeleration i» the nvmler o/uniU ofvelocif^ hg toAiei 
the veloe'iti/ of the moving point changes in a tecond. 

Variable acceleration at any instant is the number of units of 
velocity by which the velocity of the moving point would change 
in a second, if for a second the rat« of change had been that 
which it had at that instant. 

The uiiii of aceeleraiion U an iucreate of v elicit g of one ceiifi- 
melreper second. 

FOUCB. 

If a, body, having mass, is moving with variable velocity, some 
force must be acting on it* 

The value of a force is the number of units of acceleration 
which it con produce on a unit of mass ; t that is, it is equal to 
the number of units of velocity by which it can increase the 
velocity of a unit of mass in a unit of time. 

The unil of force is that force which, acting ott a mass of <tne 
gramme for one second, can increase ils velocity by a velocity of one 
centimetre per second. 

This unit of force is called a dyne. Now the velocity of a bmly 
falling in vacuo at Greenivieb increases at the rate of tiSl'lT 
centimetres per second for each second of full — that is, at Green- 
wich the earth acts on a body at or above its surface with a force 
of 081'17 dynes per unit of mass, or to hold up a gramme 
at Greenwich requires a force of 9fil'17 dynes. J 

To sura up — ■ 

The dyne or unit of force is the force which, if it acted for one 
second on a mass of one gramme, would, if the mass ^ 
previously at rest, give it a velocity of one centimetre per second, 
or, if it was previously in motion, in the direction of the force, 
would in that time alter its velocity by that amount. And a 



wich. 

• Neiflan. Laws I. and II, 

t It ftlxo eqiinla tlie number of units of momeiituin nhii'h it can produc 
in a nnit of time. 

J Between the aqnator, where it is leait, and the pole, where it is greatest, 
the earth's attraction varies hy stNiat iJi of its wLole mean value. 
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Work. 

The unit of work U called the erg ; it is the amount of work 
done hy one dyne working ihrongh one centimetre — that is to say, 
it is equal to the work required to move a body through one 
centimetre against a force of one dyne. To lift one gramme one 
centimetre at Greenwich requires an expenditure of 981* J 7 ergs 
of work, and if at the top of the centimetre we let the body go, it 
is able in falling one centim. to do that amount of work. 

C.G.S. APPLIED TO Electro-statics. 

We now come to the C.G.S. system of measuring electro^ 
static effects. 

Quantity. 

The electrostatic unit of quantify is that qnaniUy of electricity 
wkicA at a unit distance will repel another equal quantity of the 
same kind of electricity with a unit of force — that is, in the C.G.S. 
system, it is the quantity of electricity which at a distance 
of one centim. will repel another equal quantity with a force of 
one dyne. 

Now, if the unit \\e determined experimentally (we will 
describe the methods used later on), we see how, for instance, any 
torsion balance might be graduated. Let the iixed ball be 
charged with two units, and let the movable ball be made to 
touch it ; the balls will be then charged each with one unit of 
electricity and will repel each other. Let the torsion ciix'le be 
then turned so as to bring them towards each other till they are 
at a distance of one centim.* The force between them is then 
one dyne, and it is exactly balanced by the torsion of the thread. 
ITie force exercised by the torsion of the thread at that particular 
position of the circle is then one dyne. 

On repeating the experiment with charges of 3, 4, 5, &c. 
units, we shall get the readings of the circle corresponding to 
forces of 1^, 2, 2^, &c. dynes. On constructing a table of these 
results, unknown quantities of electricity can be at once measured 
in C.G.S. units by the instrument.t This and similar processes 
are called determining the constants of the instrument. 

* The diameters of the balls are supposed very small compared with one 
centim. 

t This is only intended as an illustration. The experiment could not be 
carried ont exacUj as here described. 
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POTBNTIAL. 

In the C,G,S. system, the unit potential U the jfotential dve to 
a unit of electricity at a distance of one eentim. 

We have defined the difference of potential between two 
points^ due to unj given electrification, as the work required to 
be done to move a unit of electricity from one of these points to 
the other. 

The unit difference of potential is the difference of poieniial 
which there must be between two points for one erg of work to he 
required to move a unit of positive electricity from one to the other, 
the influencing electricity being supposed to retain its distribution 
unchanged. 



CHAPTER IX. 

ABSOLUTE ELECTUOMITERS. 

We now come to the experimental methods of determiiiin*^ |»uten- 
tials and quantities of electricity in absolute units. The instru- 
ments used are called absolute electrometers^ and are all the 
invention of Sir William Thomson.* Several forms of the abso- 
lute electrometer have been constructed. We shall only describe 
the latest. 

The New Absolute Electuometeb. —Plate IV. 

Tlie absolute electrometer consists essentially of two horizontal 
parallel plates insulated from each other. 

In the centre of the upper one is a round hole which is almost 
filled up by a light disc hung by three delicate springs like 
carriage-springs. To the disc is attached a modification of the 
hair and dot arrangement described on page 41. The disc is so 
adjusted that^ when the hair is sighted between the dots^ it hangs 
so as exactly to fill the aperture in the plate — that is, the surface 
of the plate is continuous, except for the small annular space 
round the edge of the disc. The disc and the perforated plate, 
which is called the "guard-plate," are in metallic communication 
1 brough the supports of the balance. 

The suspended disc can be moved up and down by turning a 
micrometer screw, which moves the block to which the springs 
are attached. 

The lower plate can also be moved up and down by a micro- 
meter screw. 

The simplest method of using the instrument is as follows : — 

The upper screw is so adjusted that when no part of the appa- 
ratus is electrified, the disc hangs a little above the guard-plate. 

• Report on ElectTometen — Papers on Electrostatics and Magnetism. 
Page 287— Sir Wm. Thomson (Macmillan), 1872. 
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Tlie two plates (viz. the lower plate and the guard-plato 
and disc) being electrified by coonecting tbem respectively 
with the two bodies whose difference of potential it is required 
to measure, the bottom one is moved up or down till tlie hair 
appears between* the dots. Tliis shows thatj at the distance, 
whicli there then is between the plates, the attraction exactly 
balances the force, due ta the springs, tending to move the 
disc upwanis. The distance between the plates, the size of the 
suspended disc, and the force tending to move the disc upward, 
bein^ all known, the corresponding difference of potential can be 
calculated by means of a mathematical ibrmula. 

The force tending to move the disc upwards is determined 
by finding what weights laid upon the disc will bring the hair to 
the sighted position when no part of the apparatus is electrified. 

The use of the guard-ring is this; the lormula is only 
applicable to the centre portion of an attracted plate — it is not 
applicable near the edges. The practical effect of the guard-plate 
is to give us a movable disc which is all centre and which has 
no edges. For the edges being those of the fised gnard-plate, 
the attraction on them does not affect the motion of the disc. 

After a time Sir William Thomson found it better to replace 
this method of working by another not quite so fiim|)le. In the 
new method, each plate is insulated, and the upper 
charged to a high, and constant, potential. The lower plate is 
tlien connected alternately to the earth and to the body whose 
potential is to be observed. The difference of attraction in the 
two cases gives the difference of potential between the body and 
the earth — that is, the potential of the body. 

To ensure the coustancyof the potential of the upper plate, the 
latter is connected to a separate balance electrometer 
similar to that used as an accessory to the quadrant electro- 
meter (lig. 15, p. 41). It is not necessary to know the potential 
lo which it is charged, but only to know that it is constant. The 
accessory electrometer, or gauge, is called an idioslalic eledrO' 
meter. 

To guai-d against the effects of leakage, the glass case of the 
instrument is covered witli tinfoil, and forms a Leyden Jar 
(page 61), in which a large quantity of electricity is atored. 

Certain openings left in the tinfoil allow the interior works'to 
be seen. 
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The potential of the charg^ plate is adjusted by means of a 
repIenUherj like that used in the quadrant electrometer (fig. 16^ 
page 42). 

The suspended disc is protected from the effects of accidental 
induction by a metal cover^ made in two halves^ which are shown 
removed to the sides of the instrument. 

A spiral wire, passing to a metal rod supported on a glass stem 
and projecting from the bottom of the instrument^ enables con- 
nection to be made with the lower plate^ and allows the latter to 
be moved up and down. 

Two or three half-pint tumblers (not shown) stand inside the 
case^ containing pieces of pumice-stone wetted with sulphuric 
acid, which absorbs moisture and keeps the air dry. 

The whole instrument stands on three legs sufficiently high to 
enable the hand to be placed underneath to turn the screw of the 
lower plate. 

The instrument is made by White of Glasgow. 

To DETERMINE POTENTIATE BY THE ABSOLUTE ElECTUOMETER. 

It is shown in Sir W. Thomson's paper before quoted, 
and^ though we can give his result here^ we cannot give the 
mathematical proofs that 



V = D /llL 

where V is the potential of the body under examination ; D the 
distance between the plates ; tt the ratio of a circumference of a 
circle to its diameter — that is, 3* 141 6; F the electric attraction 
which is equal to the upward pull exercised by the counterpoise; 
A an area which is the mean of the areas of the suspended disc, 
and the hole in the guard-plate in which it hangs. 

If, instead of being neutralized by the electric attraction, the 
upward force of the counterpoise, equal to F, were balanced by a 
weight which we will call W — that is, W grammes where W is a 
number different in different experiments — we have 

Force = W multiplied by force of gravity at the place, 
or in symbols 

and the formula becomes 

V = 1) /SZ^TT 
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nnd we rememljer that g at Grcunwidi is equal to 991-17 

In practice it was, however, found very difficult to determine 
D, the distauce between clie upper and lower plates, accurately. 
For this and other reasons the method of working was modified, 
as we stated on page 56. 

Let D be the distance when the lower plate is connected to 
eai'th, and D' the distance when it is connected to the Iwdy 
under examination. Let V be the iV^erence of potential 
between the upper and lower plate, when the latter is connected 
to earth ; and V the same quantity when it is connect<;d to the 
body under esamination, 

Tiien, as the potential of the upper plate is constant, the dif- 
ference of the potentials of the lower plate, when connected to 
earth and to the charged body, will be 



The formula then becomes 

V - Y' = (D - D') A°'W.y 

and V — ^V' is the difference of potential between the earth and 
the charged body, and D' — I) is the difference between the two 
readings of the screw of the lower plate, nnd can be determined 
with perfect accuracy without a knowledge of the actual 
distances. 



The Portable E: 



-Plate V. 



Sir William Thomson has also invented apor/ahU eleclrometer. 
Its scale is graduated by direct electrical comparisons with 
the absolute instrument. 

Details of the instrument are shown in Plate V. 

The arrangement is somewhat similar to that of the New 
Absolute Electrometer, The "attracted disc" is square, and with 
its guard-plate forms an arrangement {h,f, fig. 2) exactly like the 
guage of the Absolute Electrometer or of the quadrant. 

• For let potential of upper pUte bo A, aud that of the lower, B and B' 
in tlie two eiperinient* reapectivety, tlien — 

V = A — B, V' = A — B' 

and V _ T' = B' — B, and tlie dilTerencc Letwei'n B and E' ia tlie potential 
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It is inverted and placed at the bottom of the instrument^ and 
is attracted upwartU by the movable plate (^, figp. 1). 

The case forms a Leyden jar^ the inside of which is connected 
to the gauge and guard-plate. 

To use the instrument the jar and gauge are highly charged. 

The movable plate is connected to earthy and screwed up and 
down till the gauge balances at the sighted position. 

The reading of the moving plate having been taken^ it is con- 
nected to the body whose potential is to be measured^ and moved 
till the disc again balances. 

The difference between the two readings of the movable plate 
givea the difference of potential between the earth and the body^ 
in units of the instrument^ assuming the potential of the gauge 
and guard-plate to have remained const^int throughout the ex- 
periment. 

To test this a second earth reading should be taken. 

If the two earth readings differ widely, the experiment must be 
rejected. If they exactly agree, the potential has remained con- 
stant, while, if they differ slightly, their mean will not be far from 
what would have been the earth reading at the time when the 
charged body was tested * 

The value of the arbitrary units of the instrument are deter- 
mined, once for all, by a series of measurements of the same 
potentials by it and by the Absolute Electrometer. 

The mechanical arrangement by which the plate is moved up 
and down is very ingenious. The plate ^ is fixed to a circular 
vertical brass stem^ which is pressed into two brass V^s by a 
spring (fig. 2). This ensures its always moving parallel to itself. 

It is moved up and down by a screw with a convex steel head 
{b, fig. 1), which rests upon an agate plate. On the screw are two 
nuts (a and c, fig. 1) ; one is fixed to the tube carrying the plate 
gy and the other is only prevented from revolving inside it. They 
are forced apart by a spiral spring. This prevents what is called 
in mechanics "back-lash'' or " lost time'' — that is, it ensures 
that the longitudinal motion shall be reversed at the same time 
as the circular. 

The screw is kept against the agate by pressing the milled- 

* Thin assames that the loss is nnifoni), and that the time from the first 
earth reading to the charge reading is equal to that from the charge reading 
to the second earth reading. 
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head with the finger. The number of whole turns of the screw 
ure read on the scale (fig. 2), while fi-actions of a turn are read 
on the circular head attached to it (fig. 1). 

The details of the gauge are shown in figs. 1 and 2. ^ ^ is 
the guard-plate,/* the balanced plate, i h the pointer, and I the 
hair and dot arrangement. The tinfoil is removed to allow the 
hair to be seen, and a screen of fine wire gauze is substituted 
to guard against electrical influence. 

The Umbrella, fig. 3, is a guard to protect the rod communi- 
cating with plate g from accidental induction. It can be slid up 
and down as required ; when lowered, it makes communication 
between g and the outer case. 

^ome pumice ]u^t moistened with sulphuric acid serves to keep 
the air dry. It must be carefully dried in an oven once a month. 

The instrument is chiefly used for observations of atmospheric 
electricity. It is not fitted for extremely accurate work.* 

Reason foe Charging the Disc. 

In both the portable and in the absolute electrometer the 
screw plate would have to be moved equally for a given difierence 
of potential, however feebly the disc was charged, or even if it 
was not charged at all. 

The efleet of highly charging the disc is that, although the 
difference of attractions is the same, the total attractions are 
greater, and slight irregularities in the actions of the springs 
would not cause so great an error. 

* With g^reat care potentials equal to half a Daniel'fl cell may be nieasured. 
With ordinary pmctice and care, potentials equal to from two to three cells. 
The quadrant electrometer measures to about 70 of a cell, but can be adjusted 
to measure jIq, and it takes 1100 cells to produce a spark 3J3 inch in length. 



CHAPTER X. 



TUE LEYDEN JAU. 

Wb have Elionn that when two oppositely charged conJuctor?, 
separated by an iiisulatorj are brought near together, they will 
attract each other. 

It' we can arrange two conductors of large Burface, and place 
them very near together, separated by a rigid insulator, we shall 
have all The cimditioDs lor a very powerful attraction. 

These conditions are satisfied in the " Li-jden Jar," which in 
iU most ordinary form consists of a 
wide-mouthed bottle of bard white 
glues (Itg. 211), coated inside and out 
with tiulbil. The tinfoil stops a few 
inches from the mouth of the bottle. 
The bottle is closed by a lid of hard 
wood, in the centre of whiL-h is a 
brass rod with a knob at the top. A 
chain hangs from the lower end of 
tha brass rod and touches the inside 

The inside tinfoil can be charged 
with positive electricity by placing; 
the knob of the jar near the con- 
ductor of a glass electrio machine, i r.- ■ 
and working the latter till sparks 

pass to the knob. When sparks refuse to p.nss any longer, it 
shows that the inner tinfoil is charged to almost the same 
potential as the conductor of the machine. This { + ) charge 
acts inductively through the glass, and induces a (— ) charge on 
the inside of the outer tinfoil, and a ( -J- ) one on its outside. 

If the outer conductor be connected to earth, the side furthest 
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Irom the inner conductor may be considered to be removed to 
an indefinite distance, and only (— ) electricity remains in tbe 
outer tinftiil. 

As the outer tinfoil entirely surrounds the inner one, the in- 
duced (— ) charge on it will be equal to the inducing { + ) one. 

We bave then two opposite charges o£ electricity spread over 
large surfaces, and separated only by the thickness of the glass. 

These two charges attract each other very strongly, and, tlie 
moment a path is opened by which they can come together, they 
will combine with great violence. 

Ezperiment. — Thike a charged jar and a pair of " discharging 
tongs." These latter consist of a jointed conductor attached to 
an insulating handle or handles. Touch the outside coating of 
the jar with one end of the tongs, and bring the other near the 
knob. There are now two strains going on; one is the strain of 
the glass which is constant, and the other the strain of the air 
between the knob and the tongs, which is increasing as they are 
brought nearer together. Meanwhile, as the thickness of the 
stratum of air between the knobs diminishes, its mechanical 
strength — that is, its power of resisting disruptive discbarge — 
decreases. At last a point is reached when the air is no longer 
strong enough to resist the stress or straining force, and the elec- 
tricities burst through it and combine with a flash and a report. 
Immediately after this has occurred, the jar is found to be com- 
pletely discharged. 

RESIDUAL Chauge. 

If, after being discharged, the jar be left to itself for a few 
minutes, it will be found to have again acquired a small charge. 
This second charge ia called the " llesidual Charge." With a 
half-gallon jar it is usually sufBciently powerful to produce a 
spark visible in daylight. 

The phenomena of residual charge can only be explained by 
Kupposing the induction passing through the glass to be a state 
of strain of the particles of the glass. On this hypothesis we 
suppose the glass in the charged jar to be very much stmined, 
but not to be perfectly elastic. On the tinfoils being discharged 
— that is, on the removal of the strainingforce— the particles of 
glues instantly fly back almost, h»il not quite, to their normal un- 
strained position. For a moment we then have the tinfoils dis- 
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charged^ but the glass in a slightly strained state. In the course 
of a few minutes the glass slowly recovers from this residual 
strain. 

Thus, while the inner tinfoil has remained insulated, a change 
has occurred in the electrical arrangement of the particles of 
glass near it. The itate of strain has allered. 

Now, in the ordinary phenomena of induction, the effect of 
altering the state of strain of an insulator (by bringing a chaTged 
body near it) is to induce a charge on any adjoining conductor. 

In the pi-esent case the residual charge is produced by the 
change from a more to a less strained state, which takes place in 
the glass by virtue of its elasticity. 

Mechanical Illustration. 

The following mechanical illustration will help us to obtain a 
clearer view of what takes place. 

Experiment, — Take a strip of gutta-percha about 6 inches high, 
2 wide, and ^inch thick, and fix its lower end to a table or in a 
vice 60 that it stands up vertically. Now bend the upper end 
down with the finger. 

The gutta-percha represents the glass of the jar, and the pres- 
sure of the finger the straining force of the charge. 

Now suddenly let go the gutta-percha — that is, discharge the 
jar. It will fly to a position nearly, hul not quite, vertical, and 
will rest there for a moment. 

If the finger be placed on it, there will be no pressure felt for 
a second or two. 

This represents the instantwhen the jar is completelydischargod. 
In a few seconds more the gutta-percha will begin to again press 
on the finger, and, on being released, will fly to the vertical 
position — that is, the recovery from the residual strain will have 
developed a residual pressure or charge. 

Effect of Tapping. 

A further proof that the phenomena of the Leyden jar are the 
effects of strain is found in the fact that any mechanical agitation 
of the particles of the glass ^ tohich enables them to move more freely 
oter one another^ hastens the development of the residual charge. 

The following experiment is described by Dr. John Hopkinson 
in the PhiL Trans, 1876, page 489, and was successfully shown 
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bj tbe present writer to a large audience at the Royal Institution 
on January 23, 1870. 

Experiment. — A glass buttle, intenJeJ fur making' a small 
Lej'den jar, about 3 inches high, is used, but is not coated with 
tinlbil. 

The conductors consist of strong sulphuric dcid. The jar is 
half filled with it for tbe inner conductor, and stands in a glass 
dish of it which forms the outer one. The glass dish is insulated 
by being laid on a slab of india-rubber. 

The connections with the jar are made by platinum wires 
dipping into the acid. 

To charge the jar, the outer acid ie connected to earth by means 
of a platinum wire attached to the nearest water-pipe, and the 
acid in the bottle is connected to a friction electric machine- 
about a 15-inch plate is a suitable size. The jar is charged, by 
working the machino for some two or three minutes, and is 
then insulated. 

It is then discharged by means of a piece of platinum wire, of 
the shape fl. attached to an insulating handle. 

The inside and outside acids are kept counected for about ten 
to twenty seconds. 

The connection having been broken, the inside and outside are 
connected respectively by platinum wires to the quadrants of 
an Elliott -pat tern electrometer.* 

The rctiiru of the refiidual charge should cause a slow and 
sleady motion of the light-spot. If the light-spot moves too fast, 
the two wires must be pressed together between the finger and 
thumb for ten or fifteen seconds more, so as to further discharge 
the jar, and this process must he repeated until a convenient 
speed is obtained. 

As soon as this has been done, the edge of the jar may be 
tapped smartly with a piece of hard wood (the handle of a small 
hammer, for instance), the pace ai tciieh (he Ughl-apot tiiot'e» 
wilt be at oHce (roiled. 

This shows that the residual charge is appearing about three 
times as fast as when the jar was undisturbed. 

This experiment is perfectly explained on the hypothesis of 
induction being a state of strain of the insulator; for we know 
that if any partly elastic body be distorted, and is slowly re- 
* See page 87. 
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covering its normal shape by virtue of its elasticity, any tapping 
or jarring will^ by enabling the particles to slide more freely over 
each other^ greatly hasten that recovery. 

When it is desired to show this experiment to an audience, a 
lime-light^ and a scale about eight feet long^ placed at a distance 
of about twelve feet from the electrometer^ should be substituted 
for the ordinary scale and lamp. With this arrangement and a 
suitable lens^ a clear disc of lights about two inches in diameter, 
is seen on the scale, and^ when the jar is undisturbed, it should 
move at the rate of about three inches per second. 

If it is desired to repeat the experiment^ the electrometer can 
be discharged, and the light-spot brought back to the zero by 
holding the platinum wires together for an instant. 

In order to check the oscillations of the needle of the electro- 
meter, the wire which leads from it down to the acid should 
have a piece of thin sheet platinum, about \ inch wide by \ inch 
high, attached to its lower end below the surface of the acid.* 

SUPERPOSITIOK OF DIFFERENT CHARGES. 

In the same paper Dr. Hopkinson has shown that if the jar 
l;c charged alternately -♦- and — for various periods, the residual 
charge will be first — and then will become -h, showing that, 
as he expresses it, " the charges come out in the reverse order 
to that in which they went in.'' 

The experiment succeeds even when the charge has been re- 
versed three or four times. 

The importance of this result lies in the fact that, while it would 
be impossible to conceive of alternate '' actions at a distance," 
remaining superposed on each other in the glass, it is yet quite 
possible to conceive that alternate strains of its particles should 
be so superposed. 

* The following is a convenient way to attach it. The platinum is cut 




into the shape ^^gi-raLSivw ft^d the lower end of the wire is bent into a 




hook of the shape | The end a of the platinum is tlien bent over and 
hung on the hook. 
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MbCRANICAI, AtTALOOy. 

On October 4, 187H, Dr. Hopkmson communicated a paper 
to tlie Royal Society,* " On the Torsional strain which remains 
in a glass fibre after release from Twisting Stress." In the paper 
he tests experimentally an nssumption which had been previously 
made by Boltzmann, that the principle of superposition, which 
we have just mentioned, is applicable to the mechanical strains 
induced in the glass fibre by torsion. In his experiments Dr. 
Hopkinson found that the assumption was a correct one, and 
that, if various twisting forces were applied, the effect of each, 
separately, was stored up in the fibre, and could be detected in 
turn after the release of the latter from the twisting stress. 

Thus a complete analogy is established between the twisting of 
a glass fibre and the phenomena of residual charge; and we cun 
have no doubt that the electrical effects are duo to mechanical 
etrains of the insulator. 

EfFECT OF Temperature. 

IntheP^(7. Tfaai. 1877, vol. clxvii., Dr. Hopkinson has shown 
that all the phenomena of the Leyden jar are affected by changes 
of temperature. 

This is another proof tliat the eflecta are due to a strain of 
the glass, for the rigidity and other mechanical properties of the 
glass are all affected by temperature; but we could not imagine 
the temperature of the glass affecting a " direct action at a dis- 
tance" passing through it. 

Analogy betwebn Leydes Jar and Strained Beau. 

Mr. Ayrton has shown me the results {not yetf published; of 

an experimental investigation in which he and Mr. Perry have 

compared the mechanical straining of beams with the absorption 
and return of electricity in extremely well- insulated Leyden jars, 
each experiment lasting many days. They have found that the 
curves expressing the rate of return from the strained state are 
precisely similar in the mechanical and electrical cases. 

Other Conde.vsers. 
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A Leyden jar 

Proc. Roj. Soc., vol, 



letimes culled a " CouJeiiter," because it 
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was formerly supposed that the strong electrical effects observed 
were due to the condensation of an electric fluid or fluids. 

Condensers are made in many other forms besides the jar form 
which we have been describing. 

They sometimes consist of a flat plate of an insulator coated on 
both sides with tinfoil. The tinfoils are made smaller than the 
insulator in order that they may be efficiently separated. 

The two tinfoils act as the inner and outer coatings of a Leyden 
jar. 

Sometimes a condenser, of very large surface, is formed by 
placing a great number of alternate plates of insulator and tinfoil 
together. 

In this case the 1st, 3rd, 5th, .... tinfoils are connected 
together, and correspond to one coating of the Leyden jar, and 
2nd, 4lh, 6th, .... are connected and correspond to the 
uther. 

The insulator in these large condensers is sometimes mica and 
sometimes paper which has been dipped in melted paraffin wax. 

Messrs. Clark and Muirhead's great condenser, which has been 
constructed for "duplexing" the direct United States' cable, 
contains 100,000 square feet, or more than 2 acres, of tinfoil, and 
fills 70 boxes each 2 feet by 1 foot 6 inches and 7 inches thick. 

Capacity. 

The capacity of a condenser is measured by the quantity of 
electricity of unit potential which it can contain, or, in other words, 
it is equal to the charge divided by the potential. 

It is found that up to a certain limit it gets less as the thicks 
ness of the insulator gets greater. 

When a metal sphere is hung up in the centre of a room, it 
forms the inner coating of a condenser, of which the air is the 
insulator, and the walls, floor, and ceiling, the outer coating con- 
nected to earth. 

When the room is very large, the insulator can be considered 
as being so thick that variations in its thickness do not affect the 
capacity. 

The capacity then only depends on the size of the sphere, being 
larger when the radius is increased. 

It can be shown mathematically that the capacity of such a 
sphere is simply and directly proportional to its radius, and the 
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units have been so chosen that the capacity of an isolated spherical 
conductor is numerically^ equal to its radius. 

C.G.S. Units. 

The C.G.S. unit of capacity is (in Electro-static measure) the 
capacity of an isolated spherical conductor of one centimetre 
radius. 

Capacity of two Conckntric Spheees. 

It can be proved mathematically that the capacity of a con- 
denser consisting of two concentric spheres* is equal to the 
product of their radii divided by the thickness of the air space 
between them ; that is^ if r and r' are the radii of the inner and 
outer spheres respectively, then 



Capacity ^ 



rr 



fJ — |. 



The inner one being charged, and the outer connected to earth. 



CHAPTER XI. 

SPECIFIC INDUCTIVE CAPACITY. 

Introductory, 

Ip Electric Induction were a " direct action at a distance/' we 
should expect that it would be transmitted equally through all 
insulators. One of the strongest arguments for supposing it to 
be a strain of the particles of the insulator is found in the fact that 
different insulators transmit it with very different strengths. 

We have defined the capacity of a condenser as the quantity of 
electricity of unit potential which it will contain. 

Tliis quantity depends : — 

(1) On the size of the conducting plates; for a large plate will 
hold more electricity than a small one. 

(2) On the strength of the inductive action between each square 
centimetre of the opposed plates. 

Tlie last quantity depends on two things : — 

(1) On the thinness of the insulator; for the nearer the two 
conductors are to each other, the stronger will be the inductive 
action between them ; and, 

(2) On the specific power of the subdance of which the insulator 
is composed^ of receiving and transmitting that electric strain which 
toe call induction. 

This power is called the Specific Inductive Capacity of the sub- 
stance. 

The specific inductive capacity of dry air, at the ordinary pres- 
sure and temperature of the atmosphere, is taken as the standard 
and called unity^ and the capacities of other substances are com- 
pared with it. 

Definition, — Let there be two condensers, one [a) having air 
as its insulator^ and the other [b) having any other substance ; 
and let the condensers be precisely similar in all other respects^ 
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then the ratio of the capacity of (J) (o ihat of (al is called the Spe- 
eljte Inductive capacity of the tnbstance iehioh forms the iniidator 

We see that the Specific Inductive Capacity of any substance 
is & quantity which expresses the ratio between the power of 
transmitting eleetrio induction possessed by that substance and 
by air. 

In actual d e term inati one of Specific Inductive Capacity, it is 
not always necessary to make the two condensers precisely similar, 
as when the form and dimensions of the air condenser are known, 
we can calculate, from experiments on it, what would have been 
the capacity of an air condenser similar to the coDdeoser under 
examination. 

Dejiniiion. — Insulators across which electric action takes place, 
such as the insulators of condensers, are called " dielectrics," from 
the Greek Sia, across. 

The determination of the apeeifc inductive capacities of diffe- 
rent dielectrics is one of the most important branches of electri- 
cal research. 

It is of the very greatest commercial importance, for in sub- 
marine telegraphy the number of woi^da per minute which can be 
transmitted through the cable — that is, the gross receipts of the 
company — depend, in a great measure, on the lowness of the spe- 
cific inductive capacity of the insulator of the cable. 

In choosing between different insulators, it is therefore abso- 
lutely necessary to have an accurate knowledge of their capa- 
cities. 

In the theoretical study of electricity it is of even more impor- 
tance, ibr, as we shall show io Part IV. of this book, the theory 
which at present offers us the fairest hopes of some day finding 
out exactly what electricity is, requires certain relations between 
the specific inductive capacities and the refractive indices of 
transparent dielectrics. It is only by accurate determinations 
of specific inductive capacities that this theory can be expe- 
rimentally tested. 

We shai! therefore give a very full account of all the determi- 
nations of specific iuductive capacity which have been made up 
to the present time.* 

• Januarj, 1880, 
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We must premise that the experiments are of an extremely 
difficult and complicated nature^ and that the numbers obtained 
for the same substances by different observers differ very widely. 

The reasons of the differences are not yet fully understood, 
though many causes of error have lately been discovered and elimi- 
nated ; but we cannot yet say for certain whether the true specific 
inductive capacities of the same substances are or are not altered, 
by changes in the strength of the electrification, by the duration 
of the charging, and even by molecular changes occurring spon- 
taneously, from month to month, in the dielectrics themselves. 

Nevertheless, it is only by a careful study of what has been 
already done that we can hope to evolve some order out of the 
uncertainty in which existing experiments have left us. 

EXPEEIMENTS OP CaVENDISH.* 

Between 1771-81 Cavendish measured the capacities of various 
condensers by comparison with certain other standard condensers 
which he called " trial-plaUaJ* 

The capacities of these trial-plates were themselves determined 
in absolute measure, by comparison with a globe 12*5 inches in 
diameter suspended in the middle of his laboratory. 

An actual air condenser was constructed, consisting of two 
brass plates, 8 inches diameter, placed parallel to each other, with 
only air between them, at distances which, in the different ex- 
periments, varied from '910 to '259 inch. 

From his experiments, Cavendish calculated the ratios of the 
capacity of glass and other substances to that of air; that is 
what we now call their specific inductive capacities. 

In comparing the capacities of two condensers, we must remem- 
ber that, if we connect them both simultaneously to the same 
source of electrification, the charges which they will receive will 
be directly proportional to their capacities, and, therefore, to 
know the ratio of their capacities, it is only necessary to measure 
the ratio of their charges. 

The first portion of Cavendish's experiments consisted of a 
comparison between the capacities of his condensers and those of 

• See The Electrical Besearches of the Hon, Kenry Cavenduh, F.B,8., 
written between 1771-81, edited by J. Clerk Maxwell, F.R.S. Cambridge, 
Unir. Frets, 1879. Pages 144—188. 



the various " trial -plates " wliiuli lie constructed na arbitrary 
Btundards. 

Plis cotidensers consisted of flat plates of glass, shi'llnc, and 
becstvax, on opposite sides of wbicli circular discs of tinfoil were 
past«d. 

The trial-plates were glass with tinfoil discs. They were mode 
in a set of ten, of sizes to give different " computed charges " — 
thnt is, to be of different capacities. 

The capacity of the smalkst being calk-d unity, there were la 
the set — 

3 plnt«a of oflpaeitj 1 
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By suitable combinations of these ten plates, a condenser, of any 
capacity from 1 to 40, could be constructed. 

One of the trial-plates was mode with a sliding conductor for 
slighUy varying the capacity as a fine adjustment. 

It consisted III' a brass plate which could either be laid entirely 
on the tinfoil, or slid so as to project over its edge, and thus 
practically coat a larger portion of the glass. 

The method of oomparisoQ was what is called a " zero method " 
— that is, instead of the difference between the condensers and 
the trial-plates being measured, the latter were adjusted till 
they exactly equalled the condenser — that is, until there was no 

d:p„„c. 

The following method was used for adjusting the trial-plate to 
equality with the condenser under examination : — 

In fig, 21, let B be the condenser, T the trial-plate. One 
coating of each was connected to earth, and the other coatings 
together to the knob of a charged Leyden jar. 

By being connected to the same jar, both condensers were 
charged to the same potentiul, and therefore the charges .r andy 
iu each were simply proportional to their capacities. 

After the charging had gone on for about two seconds, the 
connections were altered to the arrangement of fig. 22 by a 
convenient mechanical contrivance, consisting of a system of 
strings and wires supported on a wooden frame. 

This we see sends the cluirges -fy and — « to eurth, but com- 
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bines the charges +dr and —jr. A pith ball electrometer (page 
31) is attached to the connecting wire. 



JAR 




UAR 



r I G . 23. 




If the capacities of B and T are equal, we shall have the 
charges equal — that is, a* = jr and ( -f rf-) -f ( — y) es — that is, 
the algebraic sum of the 
equal and opposite charges 
will be zero, and the pith 
balls will not diverge. 

If the pith balls diverge 
with ( + ) electricity, it 
will show that the capacity 
of B is the largest, and 
that of T must be in- 
creased. 

If they diverge with 
(— ) electricity, it will 
show that the capacity of 
T is the largest and it 
must be decreased. 

In practice it was 
found better to have two 
trial-plates, T and T, and 
by separate experiments 
to make T of just less u 
capacity than B, and T' i 
of just more. The mean 
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of tlie capacities of T and T' wns taken as the cajiacity of B. This 
was because the electrometer was more senBitive when slightly 
diverged than when collapsed. 

Comparison of Trial- plate and Sphere. 

Tlie comparison of the trial-plate and sphere was made in an 
exactly similar way. 

The sphpre A (fig's. 2-i and X*) took the place of the npper 
coating of the condenser B, and the walls and floor of the room, 
which can ahvn3's be considered to be connected to the eartli, 
replaced the lower coating. The arrangement for charging was 
then that of fig. 23, and the charges + t and — y were combined 
by connecting, as in fig. 24. 

The student should compare these figures with figs. 21 and 
22. 

Spreadiso of Electrioitt. 

Some difficulty was ejperienced in determining the diameter 
of the charged surface, for it was found that the electricity 
spread a httle all round the edges of the tinfoil, and that there- 
fore in the cnlculations it was necessary to suppose the tinfoil to 
be somewhat larger than it really was. 

The amount of correction to be applied was determined by 
comparing whole discs of tinfoil with others in which there were 
numerous slits cut. The "whole" and "slit" plates were ar- 
ranged to be of the same actual area, but of course the slit one 
had a very much greater length of edge. The ratio of the capa- 
cities of the " slit " and " whole " condenser gave the ratio of the 
areas of the charged surfaces — that is, the ratio of the areas of 
the slit tinfoil and electrified space round its edges, to the whole 
tinfoil and electrified space round its edges. 

Fi'om these data the actual area of electrified surface could be 
determined.* 



^_ We l]»l 



h „ „ ,1 „ „ slit one. 

M themtii) of tlie uhargcu. 

N the ratio of a to b — tlint ii, the ratio of tliH lengthi of tha edges. 
A, M, N are koown by experiment, aad we bare to End a. 
We liBve 



M = 7^ «>■ M (A -H i) = (A -h a). 
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Cavendisli found that the effect of the instantaneous spreading 
of the electricity was about the same as if the tinfoil plates had 
extended -^^ inch in every direction, when the thickness of the 
glass was about \ inch, and about -^^ when the thickness was 
about -j^. 

Thb Expkeimknts. 

By the use of a mathematical formula,* Cavendish computed 
what ratio the charge of each condenser should have borne to 
that of the globe, if air had been substituted instead of glass, 
as the dielectric. He then compared the charges experimen- 
tallv. 

The ratio of the ''observed charge '* to the ''computed 
charge ** is, if the formula is correct, the ratio of the capaci- 
ties of glass and air — that is, the specific inductive capacity of 
glass. 

In order to test the formula, the sphere was compared with an 
" air condenser ** consisting of two brass plates fixed parallel to 
each other with only air between them. It was then found that 
the charge of the plate condenser was about -^ greater than it 
should have been, according to the formula. Tiiis difference was 
no doubt caused by the action of the walls, &c., of the room. 
The theory requires an infinitely large room; the actual labo- 
ratory was only about 16 feet square. 

or (M — 1) A = a — M i, 
but 6 s= ^; sobetitating we have 

(M-l)A=a(l-|^) 

(M - 1) A 
or a = - — 

M 

^ "" N 

* According to theory, the capacity of an air condenser consiHting of flat 
parallel circular plates of equal diameters is equal to that of an isolated globe, 
whose diameter equals the square of the radius of eitb<»r plate divided by 
twice the distance between them. 

In modem language, the capacity of an isolated sphere is equal to its radiuH, 
and the capacity of a plate condenser where r is the mean of the radii of the 
plates, and a their distance apart, is equal to that of a sphere of radios a*, 

where 

r« 
ar = - . 
4 a 
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In the following tables the "computed charge" has, if I 
rightly uniJerstand the paper, heen calculated on the §uppOBition 
that no such diflerence exists. The excess of the observed 
charge over the computed charge is due, I thinli, partly to the 
ditTerence of specific inductive capacity between air and glass, 
and partly to the difference in the ^hape of the condensers. The 
ratio of observed charge to computed charge is the proportion 
in which the capacity would have heen increased Ly the substitii- 
tioQ of glass lor air, and by the substitution of a flat condenser 
for a spherical one. 

If my view of the paper is correct, then the observed chargCj 
divided by the computed chaise, is the specifio inductive capacity 
of glass \eheii that of air i» iuken at l^l. 

To obtain the true specific inductive capacity of glass — that is, 
the capacity of gloss when that of air is taken as 1*0 — we must 
diminish the numbers in the proportion of 11 to 10 and say, 

Spec. Ind. Cp. = ^ . "^"'"^d chn^o 
11 computed cliui^u 

The following is the result of Cavendish's experiments on 
plates of glass, shellac, and hees-wax, as given in Prof. Maxwell's 
edition, and I have added a column in which the above correction 
is applied : — 

Table ot Gi,.iss Pirates. 
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The coatings of all tbesc plut«fl wctre circulikr. 

In computiQ^ tlie charf>e of the gloss plates, the diameter ol 
the coating was corrected on account of the spreading of the 
electricity as in the fourth column, tlie electricity being supposed 
to spreud '07 of an inch if the thickness is *i!l, and '09 if the 
tbickncss is 'OS, and so on in proportion in other thicknesses. 
Bat no correction wns made in computing tho charges of the 
other plates, as the eiperiinenter was uncertain bow much to 
allow. 

Cavendish gives the following account of the method used for 
making the plutes of lac, rosin, and bees-wax. " I first cast a 
n>und pinte of the substance, three or four times as thick as I 
intended it should be, and rather thinner near the edges than 
in the middle, taking cure to cast it as free from air bubbles as 
I could. 

"I then heated it between two thick flat plates of brass, till it 
was become soft, and then pressed it out to the proper thickness 
by squeezing the plates togetber with screws. In order to prevent 
its sticking to the brass plates, I put a piece of thin tinfoil 
between it and each plate, and I found the tinfoil did not stick 
to it so fast but what I could get if, off without any danger of 
damaging them. 

"The beat necessary to melt shellac is so great as to make 
it froth and boil, which makes it imjiossible to cast a plate of it 
frw from air bubbles. The plate mentioned in the preceding 
table was as free from them as I could make it. It contained, 
however, a great quantity of minute bubbles, but no large ones. 
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" Becs-n'ax melts with a heat of about 145° Fahr. IT it in then 
bested to a degree rather greater than thnt of boiling water, it 
froths very much, and seems to lose a good deal of waltry matter ; 
and if it is kept at this heat till it has ceased frotluHg, it will 
then bear heing healed to a much higher degree without IVothing 
or boiling. Bees-wax thiiB prepared I call dephlegmated. 

" In oi'der that the plates of dephlegmated bees-wax should all 
he equally so, I dephlegmated some beea-ivax with a pretty con- 
siJerable heat, and siiffurcd it to cool and harden, and out of this 
lump I made all three plates, taking cai'e in casting them not to 
heat ttem more than necessary, 

"1 used the Bame precautions also in casting the plates of a 
mixture of rosin and bees-wax ; the proportion of the rosin to the 
hees-wax was forgot to be eet down. 

"What are called in the table the 4th and 5th plate of rosia 
and bees-wax are in reality the same plats as the Si'd, only with a 
smaller coating." 

Cavendish goes on to say, " It appears from these experiments, 
first, that there is a very sensible difference in the charge" of 
plates of the same dimeneiona according to the different sort of 
glass they consist of, the charge of the platei and Q, whieh 
consisted of greenish foreign plate glass being the greatest in 
proportion to their computed charge of any, next to them the 
crown glass, and the flint glass being the least of all. 

"Secondly, the charge of the lac plate is much less in pro* 
portion to its computed charge than that of any glass plate, and 
that of a plate of bees-wax, or of the mixture of rosin and bees- 
wax still less. 

" Sut it must be observed that there is a very considerable 
difference between the three different plates of dephlegmated 
bees-wax in that respect. The same thing, too, obtains in the 
mixture of rosin and bees-wax. 

"As the proportion of the real charge to the computad [the 
specific inductive capacity] is greater in the thick plates than 
the thin ones, one might be inclined to think that this was owing 
to the electricity being not spread imilbrmly. But ae the 
difference seems to be greater than could well proceed from that 
cauEe, I am inclined to think that it must have been partly owing 
to some difference in the nature of the plates. Perhaps it may 
' Here the charge \b propartioDHl to the Spn-ific Indautive Capooitf. 
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h«Te been owing to some of the plates linving been less heated, 
ud consequently huving suffered a greater degree of compression 
in pressing out thun the others. 

"The piece of ground crown glass mentioned in the first of 
the foregoing tables was mnde out of a piece of crown glass 
about \ <if an incb thick, and ground down to the thickness men- 
tioned in the table, cnre being taken by the workman to take 
nway as much Irom one side as the other, so that tlie pliitc con- 
sisted only of the middle part of the glass. 

"My reason for making it wbs that as there appears to be a 
considerable dilference in the charge of different sorts of glass, it 
was EHEpected that tliere might possibly he a difference between 
the inside of the piece and the outside, and if there hud, it would 
have affected the justness of the experiments with the ten pieces 
of glass ground out of the same piece. 

" But by comparing the charges of the plates of crown glass 
with those of the two other pieces of crown glass in the table, 
there does not seem to be any difference which can be depended 
on with certainty. 

" The experiment indeed would have been more aatisfaetury if 
the piece of ground glass and the pieces with which it was com- 
pared had been all made out of the enme pot. But as it would 
have been difficult procuring such pieces, and lis I have found 
tery little difference in the specific gravity of different pieces of 
crown glass, and ns I am iuformefl it is all made at the same 
glass house, I did not take that precaution." 

CVLINDUICAL CONDESSEIIS, 

Cavendish also made some experiments "On the charges of 
such Leyden vials as do not consist of flat plates of glass." 

"These experiments were made with hollow cylindrical pieces 
of glass, open at both ends, and coated both within and without 
with pieces of tinfoil surrounding the cylinder in the form of a 
ring, the breadth of the ring being everywhere the same, and 
the inside and outside coatings being of the same breadth, an<l 
placed exactly opposite to each other. Only as the inside 
diameter of the two thermometer tubes was too small to admit 
of b^ing coated in this manner, they were tilled with mercury by 
way of inside coating. 

"The thickness of the glass was found by suspending the 
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cylinder by one end from a pair of scales, with its axis in a 
vertical position, and the lower part immersed in a Tesscl ol' 
water, and finding the alteration of the weight of the cylinder 

at-cording as a greater or less portion of it was undt-r water. 

" The result of the experiments is contained in the following 
tahle :— 
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He adds that r— 

" The lengths of the coating here set down are the real lengths. 
But in computing the charges of the white jar and cylinder and 
the three green cylinders, these lengths were increased on account 
of the spreading of the electricity according to the same snpposi- \ 
tion as was used in computing the charges of the flat plates. 

" But in computing the charges of the thermometer tubes no J 
correction was made, as I was uncertain how much to allow, but J 
as the length of their coatings is so great, this can hardly makal 
any Bensible error." 

In these experiments we must take the observed charge by I 
computed charge to be the specific inductive capacity, as 1 
Cavendish made no accurate experiments on the capacity of I 
cylindrical air condensers. 

Effect of TmiPEiiiTUBE. 

Cavendish also esperimented on the effect of temperature on I 
the specific inductive capacity of glass, and found that at £95° 1 
Fahr. the glass conducted pretty freely, hut at 305° Pahr, much | 
faster. He also concluded that thp capacity was eonsiderablj i 
increased when the glass became eooductivc, but that until than | 
there was no sensible difference. 

Effect of Vauiatios of Charge. 
Cavendish also made some experiments to determine whether 
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jperiCo inductive cnpacitj' varied at all with electro-motive force, 
but vithin tho limits of bis ex jie rim en Is lie could dutect no 
diflerenee* 



KXPERIMENTS OF FaKADAY, 

Before deacribing tbc more modern experiments, we must 
mention that tbe re^aribeti of Cavenditih remained unpublished 
aatil September, 1879, and that neither Faraday nor any other of 
the «perimenter8, whose work we are about to notice, even knew of 
tbeir existence at the time when their experiments were made. 

Od November 30, 1837, Faraday communicated to tlie Hoyal 
Society a paperf "On Induction," in which he announces the 
di«cowry(or,aswonow must say, the i-e-dJscovcry) of Specific In- 
ductive Capacity, and describes methods of measurinif it, and the 
results obtained by him for glass and other subst^Qces. 

H!b apparatus consisted of two exactly 
similar spherical condensers of the eliape 
shown in 6g'. 25. 

The inner coating of each consisted of 
» brsss ball (A) %-^% inches in diameter, 
and the outer one of a hollow brass sphere 
(B) whose internal diameter was 3'57 
inches. This left a space of 0-61! inch be- 
tween the outer and inner eurfacea. 

The inner ball was supported by an in- 
sulating stem (/) of shellac, inside which a 
wire passed up from the ball to a little 
knob ((t) outside. 

The outer sphere was divided at its 
equator, and the two halves coidd be sepa- 
rated for the introduction of various 
dielectrics, 

Different gases could be admitted by 
means of the tap R. ^"' ^^^ 

The space between the balls could be filled with different insu- 
lators, and we see that by keeping one apparatus full of air, 
and filling the other with any other eubstance, we should have 

• This point io still unaettlcJ, Fub. Ift&i. 

t £*f. Sei. 1161, vol. i. p. am. 
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two condeDsers exactly eimilar, except in the nuture of their 
dielectrics. 

In practice it was found more convenient to make the dielec- 
tric ia tlie form of u ^tf« (-spherical cup, and liaving measured its 
effect to caleulale what the effect of (illiug the whole space would 
have btien. 

The following was the method of working : — The two eon- 
densers were set side hy side with their outsidce connected to 
earth, and one of them was charged with electricily. The poten- 
tial of the charge was measured by means of Coulomb's torsion 
balance." 

The insides of the two condensers were now connected togetbtit 
and the potential measured again. 

We know that, if two condensers be connected together, tba 
charge will divide between them in direct proportion to their 
capacities; and also that, if half the charge be taken away from 
any condenser, its pot-ential will be one-half what it was before. 

If therefore the second condenser is of the same capacity as 
the first, it will take exactly half the charge, and lAe potetttial, 
aff,er liivinion, will lie one-half what U was be/ore. 

If however the second condenser were of greater capacity 
than the first, it would take more than half the charge, and the 
potential, after division, would be Ices than half what it was 
before. 

If the second condenser were of less capacity, the potential 
would be more than half. 

ThK EXPEUIMENTS. 

Some preliminary experiments were made, with both condenserB 
full of air only, in ordor to test their equality, and then a hemi- 
spherical cup of shellac was placed in one apparatus, and the 

otherleft fullof air. 

In order to compensate the effects of leakage, the air apparatus 
and the shellac apparatus were alternately chained first in dif- 
ferent experiments. As the effect of leakage would in the one 
case be to make the capacity of the luc apparatus too high, and in 
the other too low, the mean of the two e.tperiments would be 
very nearly unaffected by it. 

The i-esults of the first two experiments were — 
• Pase 33. 
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Ratio of capacity of lac condenser*) C Air charged nmt 1*65 
to that of air condenser. i C Lac charged first 1'37 

After many other experiments, Faraday came to the conclusion 
that the ratio of the capacity of the shellac condenser to that of 
the air condenser was almost exactly 1*5. 

From this result Faraday calculated that^ if the shellac had 
entirely filled the condenser^ the ratio would have been at least 
2*0 — that is^ that the specific inductive capacity of shellac is 2 0. 

Faraday experimented on other substances^ and the following 
is a table of his results : — 



Dielectric. 


Specific Inductive Capacity. 


Sbellac .... 


2-0 


Sulphur .... 


221 


Glass .... 


More than 1*76. 


Oil uf Turpentine . 


More than unity. 



Gases. 

A very long and careful series of experiments was made on 
gases. No less than twenty-five pairs of gases were compared. 
Comparisons were also made between air, damp and dry, hot and 
cold, and at high and low pressures, but in no case was Faraday 
able to detect any difference at all. 

Other Experiments. 

After Faraday's experiments, the subject of Specific Inductive 
Capacity remained untouched till 1871, when Messrs. Gibson 
and Barclay published a paper on it. Since that date hardly a 
year has passed without some addition to our knowledge. 

Messrs. Gibson and Barclay's Experiments on Paraffin.* — 

Plates VI. and VII. 

The chief instruments employed were — 

(1.) The Quadrant Electrometer, White pattern, (page 39). 

(2.) The Platymeter. 

(3.) The Sliding Condenser. 

The Platymeter. 

The Platymeter consists essentially of two condensers of equal 

• Fkil Trans, 1871, p. 673. 
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capacity of cylindrical form, the inner conductors of which are in 
metallic connec'ion. 

It ia shown in Plate VI. fi^,'. 1, where ft will be seen that the 
two inner conductors form tine cylinder, e c ; the outer conductors 
are the two short cylinders, 71^, jo'y. 

Method op Woukino. — Plate VIL, fig. S. 

Let one pair of quadrants of the electrometer be conuecteil to 
earth, and the other pair to tlie conductor, ce, common to both 
condensers of the platymeter. 

Suppose oneof the outer cylinders, jj/i, to be charged positively. 
It will induce a charge opposite to its own on the cylinder ce, 
and one similar to its own on the quadrants. Let the quadrants, 
still connected to the cylinder, bo connected to earth, and then 
again insulated. Then the positive will have escaped, and the 
negative, being attracted by the positive on the outer cylindei", 
will produce no effect on the electromeler as long as the induc- 
tion from the outer to the inner cylinder remains unaltered. So 
there will be no deBection. 

Now let the two equal and similar outer cylinders, ^a/*, /?'/?', be 
connected. 

The inductive effect o? pp on ec ia reduced to one-half, for jo^ 
has lost half its charge ; but, at the same time, /) 'jj' havinggained 
half the charge oipp, will exercise an action exactly equal and 
similar to that oi pp. So the sum of the actions of the two 
half-charged cylinders, ^/j,^ ';!!', on cc, the inner cylinder, will be 
exactly the same as previously was the action of the one fully 
charged cylinder pp, and so there will be still no deflection of the 
electrometer. 

Thus we see, as long as the capacity of the two condensers, viz., 
pp and part of cc, and p'p' and part of cc are equal, there will be 
no deflection. 

If now we repeat the experiment with two other condensers , 
added to pp and p'p' respectively, there will still be no deflec- I 
tion if the two new condensers are equal ; but if tbey differ, the 
needle will move,* 

* irthii platrmeter bad not been used, the two npw cond^nsera could only 
have beeu couijiared bj charging them to equal and oppuaite puCcntiaU bf 
means of a vijry Urge battery. With the platymeter an el«i:trii3 mMhlM or 1 



I 




AMm tf ^SfTienJ CbrA 



Sralraf S>fKit 




I 



Specific Inductive Capcuity — Cibson and Barclay. 85 

If a condenser wlioee capacity is a fixed quantity be connected 
ittpp, and oue of variable capacity to p'ji', llien, if we vary the 
latter till there is no dellectioD, ne shall know that we have 
adjasted the ttro new condensers to equality. 

A condenser of fixed capitctty and whoB« capacity could be 
eaeily calculated, and bavinfj' air for its dielectric, was mode by 
fixing a metal ball of known radius inside another (Plate Vll., 
fig. 4) whose radius wj,b aleo known* 

This was attached to one of the outer cylinders ^^, and a con- 
denser of variable capacity, called "the sliding condenser," was 
attached to the other, p 'p' (Plate VII., fig. ■■A). 

The sliding condenser having been adjuRtctl to equality with 
the known fixed condt^neer, its scale was read and noted. 

The fixed air condenser was then removed, and another one, 
whose dielectric was the dielectric under examination, was snb- 
Btitut«d for it, and the sliding condenser again adjusted to equality 
with it. 

It is clear that the ratio of the two capacities of the sliding 
condenser is the same as the ratio of the capacity of the air con- 
denser to that containing the dielectric which is being experi- 
mented on. 

Thb Sliding CoNOENSEa. 

The eliding condenser is shown in Plate VI., fig. 3. 

It consiats of a fixed insulated tube, a a, and another, ee, which 
can be Eltd inside it. When e e and a a form the two conductors 
of a condenser, the capacity of the condenser is greater or less 
according to whether more or less of sff is inside aa. 

Tlie tube h b merely acta as a support for the sliding tube ee. 
and carritiB the scale by which the position of e ff is read. It has 
no electrical use, and is kept connected to earth. 

The shaded part qI ee\% weighted, and it slides on four brass 
ieei,/f, inside lib. 

The value of one scale division of this was calculated — that is, 
the alteration of capacity which would be caused by moving it 
one division. This can be calculated when wo know the radii of 
the two eylinders.f The whole capacity of the sliding condenser 
could not be accurately calculated. 

• Page 69. 

t Let r be the raiiiae of the inner ojlinder, H thnt of the outer one, I tlie 
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It could then l>e determined how many scale divisiona were 
equal to the capacity of the spherical coodeiiser — that ia, how 
much the sliding coadeaser would have had to be moved to 
briug the needle back to zero, ifj after equilibrium had been 
established, the capacity of tbe spherical coud^nser bad been sud- 
denly doubled. 

This being known, the ratio of the capacHg expreated bg one 
scale reading to the capacitif eJ-jiressed bjf another if at once known. 

The PiitiFPiN CoNDENSuna. 

Condensers were prepared having paraffin instead of air as the 
dielectric. 

One consisttd of a flat circular brass box, inside which a brass 
disc was supported-on three ebonite pins; melted paraffin, being- 
poured in, solidiHed, filling the Bpaces between the disc and the 
box. Owing to some defccte iu this condenser, another woe con- 
structed, consisting of two concentric tubes (Plate VII,, fig. 6), 
the space between which was £lled with paraffin. 

The paraffin condenser being substitnted for the air condenser, 
the sliding condenser was adjusted to equality with it. 

A comparison of the two scale i-eadinga of tbe sliding con- 
denser gave tbe ratio of the capacities of the air and paraffin 
condensers, and from this result the specific inductive capacity 
of the paraffin could be calculated, allowing for the dilTereuce in 
shape and size of the air and paraffin condensers. 

Results. 
The results obtained, after making various corrections, were, — 
From eiperiments on the disc and box paraffin condenser — 
Specific inductive capacity of paraffin ^ 1*975 ; 
from experiments on tbe cylindrical paraffin condenser — 
Spedlic inductive capacity of pa,raffin ^ 1*977. 
The latter vnliie is adopted by the authors. 
The density of tbe paraffin at 11°C. was -flOSO. 
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Boltzmikn's Experiments,* — Fikst Method. 

In 1^74, Prof. BoltzmauD publJslieJ an account of some det«r- 
minfttiona of spocilia inductive ciipucit)'. Oue of his oondeusers 
consisted of two circular parallel plates iDsuliited fram each 
otLer, and mounted in vertical platies on a sliding stand whii-li 
iras graduated bo that their distance apart might be known. 

In this various diiilectrics could bo placed, TIte distance of the 
plates was usually go adjusted that they did not touch the 
dielectric. 

When a plate was inserted, the capacity of the condenser was 
determined experimentally, and from it the specific inductive 
capacity was determined by the following formula : — 

Let M be the distance apart of the plates, n the thickness of 
the dielectric, and K ita specific inductive capacity. 

Then, when there is only air between the plates, the cajiacity 
will be inversely proportional to wi, the distance between them. 

If we now fill the space between the plates with the dielectric 
of specific inductive capacity K, we shall produce the same 
f capacity as if we had reduced their distance from 

« to ^, and the ratio of the two capacities would be m to -74 

f. ^that is, K to 1. 

When however the dielectric has onlya thickness «, it displaces 
F.« plate of air of thickness n, and substitutes for it a plate whose 
Icf^t is the same as if the stratum n had been diminished to u 

I tiiickness ^. 

The capacity will then be increased as if the plates had been 
I brought nearer by a distance m, and then separated by a (les») 
vill be inversely proportional to 

and the ratio of the capacities will be in the inverse ratio of m 
to the above expression, thus — 

Capncity of Coudfnoer with a' 



jiideiiser with dieleutrio 
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Ab m, », and ratio of capacities, are known quaatilies, K 
easily be ealcuIaUjd from this equation ; for if R be the ratio 
the capacities, it gives us, by ordinary algebraical trau&roruiation, 

K = l + ^(E-1). . . . . . . (2) 

The fact that tlie capacity of the air condenser was inversely 
ns the distance of the plates, and was not affected by any 
disturbing cause, was carefully tested experimentally. 

The Electiioueteu and Battery. 
A Thomson Electrometer and IS Daniell cells • were used 
Thb Ex pi 



itio of ■ 
ation. ^ 
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The comparison of the capacities of the condensers was made 
as follows : — 

(1) The battery was connected directly to the electrometer, 
and the deflcttion noted. 

(2) One plate of the condenser with only air in it was 
attached to the battery, and the other to earth. 

(3) The charged condenser plate was separated from the 
battery and connected to the electrometer. 

The deflection was now smaller than in (1), and from the 
difference the ratio of the capacity of the condenser to that of the 
electrometer could be calciilated,f for the charge divides between 
tbem in the inverse ratio of their capacities. 

All three processes were now rejieated with a dielectric 
inserted, and this gave ratio of "dielectric" condenser to 
electrometer. We now know ratios of capacities of 
Air condenser i Uieli^ctiic ronilenscr 
Electrometer JDlei-'Croiuoter 

The ratio of these two ratios is the ratio of the capacity of 

• Ch»pt*r XVIII. 

t For tbe ratio of the deHectioos ii inveraelf &b capacity of electrometer 
to oapscity of elentrumeter and condenner together. 

Wiiting D K and U C for tlie ele>:trota«ter and condenser deflections 
respectively, and C E und C G Tor tlieir rnpncities. we have 
D_E _ C E f C C 
UC" 



ij.CC _ DE_ 
CE DC 
of capacities equals inverse m 
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the air condenser to that of the " dielectric '' condenser — that 
is the quantity K in the formula (2), page 88. 

The experiments were carried out as follows : — - 

Part 1. — A wire DC, fig. 26,* was connected to the electro- 
meter, and three other wii-es, i. IL iii., connected as shown, 
were arranged so that they could be made to touch D C when 
required. 

Before commencing an experiment, i. was lowered, which 
discharged the electrometer. Then i. was raised and 11. lowered. 
This charged the electrometer direct from the battery, and the 
deflection was noted as " battery result. '^ 
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Then n. was raised, and i. lowered and raised, and the apparatus 
was ready for the next part of the experiment. 

Part 2. — ^The dielectric being removed, iii. was raised above 
its mean position so as to charge the condenser, iii. was then 
lowered so as to connect condenser to electrometer. 

The deflection was noted as " air-condenser result.' ' 

Finally, Part % was repeated with the dielectric inserted, and 
the deflection noted as " dielectric condenser result.'' 

In order to make sure that there was no accidental electrification 
of any part of the apparatus, 11. was connected to earth, and all the 
movements repeated. When this could be done without any 
deflection being produced, it showed that there was no accidental 
charge. 



* The parte of the wires above the epiraU are eoppoeed to be fixed. 
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Duration of the Chakgiso. 

The condenser and the electrometer remained !n coatuct lon$; 
enough to allow the deflection to be readj nnd then both were 
discharged by sinking i. 

For quicker experiments na arrangement of springs (not 
shown) was attached to iii., by which it wan 'made to touch an 
earth wire instantly nfter both its top and bottom contact. 

To test the effect of iibsorption, experiments were made, firet as 
quickly as possible, go that tlic contacts only lasted a fvaction of 
a second, and then slowly, go that eucb operation lusted from one 
to two minntes, but no diflereoce in the results could be 
perceived when good insulators were used. 

Again the condenser was charged for a long time, then 
discharged for a moment, and then connected to the electrometer, 
but no residual charge could be observed. 

Quicksilver Condenser. 

To try the case where there was no air in the condenser — that 
is where the plates were in metallic contact with the dielectric— a 
"quicksilver condenser" was constmcted. 

The plate was laid in a dish containing mercury, and mercnry 
poured on its upper surface, a paper rim being attached round 
the edge to prevent the mercury running off. The results were 
found to agree with the former ones. 

IiiPERyECT Ihsulatohh. 

Finally, some imperfect insulators, such as glass, gutta-percha, 
stearine, &c., were tried, but these were so much affected by 
chaDges in strength and duration of the charging that no con* 
sistent results could be obtained. 

Ebsults. 

The following determinatiuna were made : — 

DIelMlris. Bpeclflc Indni^tWa Cojuict^. 

Ebonite 316 

Psraffia 2-32 

6ulpliur 3M 

Reain 2*65 

Boltzmank's Second Method.* 
On July ai, 1S73, Professor Boltzmann read before the Vienna 
" Experimental.TJntermichung fiber die electros Utische Fernwirlcung 
diolcctriBL'her Eiirper. Wiener SitzuDgaber., BJ. Izviii put it. p. 81, 
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Academy a paper on " th« electroBtalio Far-working: of dielectric 
bodies," in which he investigates the question of spet-ific induc- 
tive capacity from an entirely new point of view. 

I£ an unelectrified metal ball be suspended by a long fine 
tbreail,iindbe attraeted by a fined charged metul ball, the amount 
of attraction will depend only on the sizes of the balls, their dis- 
tance apart, and the strength of the charge ; and can be calculated 
by known mathematical methods. 

If a ball of some insulator, such as sulphur, be substituted 
for tbe suspended metal ball, the attraction will depend not only 
on the distance and sizes of tiie balls and on the charge, butalso 
on the specific inductive capacity of the sulphur. 

From a comparison of the attractions on a metal and on a 
snlphur bull, under tbe same circumstances, tbe specific induc- 
tive capacity of the sulphur can he calculated. 

The present paper consiets of accounts of a series of experi- 
ments in which the attractions exercised on metal balls were com- 
pared with those on balls of various dielectrics. 

The first method used was not very accurate, but as it was 
Eimple we will describe it in order that we may more easily 
Dnderstand the more complicated methods which were developed 
out of it. 

The " metal ball" and the " sulphur ball" were each 7 mil- 
lims. diameter, and were suspended 90 millims. 
apart by threads of unspun silk, each 2 metres long ' 
(%• 27)- 

A charged metal hall, which we shall in future 
cull the "working ball," of 26 millims. diameter, 
was placed exactly half-way between them. Both 
the suspended balls were electrified by induction, 
and attracted with forces depending on the inten- ; 
sity of the " Par-working" on each hall. 

In order to measure the attraction, a scale was 
placed behind the threads, and the positions of 
tlie latter on it observed by means of two micro- 
scopes.* As the deflections were very small, the 
attractions were taken to be proportional to the number of 
divisions passed over by the threads. 

* Insrrting tbe " working ball " let the thrend* nwinging. The limita of 
fwing were obMrred, and tlieir mean taken as the deflected position. 
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The ratio of the deflections was written down as 
Force on metal linll 



Furue aa itulpliur ba 1 1' 
and was called E. 

As the attraction o£ tiie metal ball Avas always the greatest, E 
was always greater than unity. 

In order that the weights and volumea of the two balla might 
l>e exactly equal, tlicy were both made from the dielectric under 
examlDatioii, but the one chosen lor the metal ball was either 
gilt, or covered with tinfoil. 

The fii-bt exporimeul waa made with sulphur, and the result 



E — Attntctinn of niptal ball ,^ 

Altractioii of Hulpliur ball 
Professor Boltzmnnn ehowa that K, the specific inductive 
capacity, can be calculated from E by the following mathematical 
foi-inula : • — 



E = '^-:! 



which gives 



Thus the capacity of sulpliut 
experiment, would be 



_3-90_ 



s calculated from the first rough 
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The experiments were repeated with the working ball charged 
positively and negatively alternately, 

These experiments were alTected by several causes of error. 
The chief defect of the method is due to the factthat its accuracy 
depends entirely on the accurate placing of the working ball 
midway between the suspended balls, and this is an extremely 
difficult adjustment to make. 

* Prof. BoUimHnn first calcalates tbe attraction ofa ball of an; dteleetrie, 
and obtain! en eipresaioij involving K. He then obtains tha ftltraotion of ■ 
metal ball bj putting K^ en in his formula. Dividing one expnenoa bj 
tbo oUier, be Gnda that the ratio G is equal to 



K + 8 
K — 1 



(I -f" a very small q 



intity). 



See Appendix ta this cbnpter, p. 136. 
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The suspended balls were roughly made and were much dis- 
turbed by currents of air. The silk threads by which they were 
suspended were also not very good insulators. 

For these reasons Professor Boltzmann modified his method 
of proceeding as follows : — 

ItfPROvED Mkthod — Instruments. 

The balls, instead of being simply hung by threads as in fig. 
27^ were attached alternately to the same point at the end of the 
arm of a torsion balance, and the attractions calculated from the 
respective deflections. 

The torsion apparatus is shown in fig. 28. Its arm consists 
of a stiff wire E F G H, to one end of 
which the sulphur or metal ball L is hung 
by two fine threads attached at the points 
GH. 

At the other end of the arm is a mir- 
ror, H, in which the deflection is observed 
by means of a scale and telescope.* 

The arm is suspended by a bifilarf 
arrangement from the points A B. M is 
the working ball which attracts the ball 
L, and it is connected to a Leyden jar. 

To protect the arm itself from the 
action of the electrified bodies, it is en- 
closed in a triangular conducting case of 
gilt paper, connected to earth. 

The case is shown dotted in fig. 28, and 
solid in fig. 29. 

The apparatus is mounted on a stand, as in the right-hand side 
of fig. 29. 

As the metal and sulphur balls are placed alternately and not 
simultaneously at L, it is necessary to know that the potential 
of the working ball remains constant throughout the experi- 
ments. For this purpose a separate electrometer, shown on the 
left of fig. 29, is used. A metal ball, P, at the end of a suspended 
metal rod, is attracted by a fixed ball, B, in metallic connection 
with the working ball M. 

* This method of observation difiers sli^rbtly from the " lamp and scale" 
method already described. See Chapter XIV. 
t See pages 37 and 43. 




Fig. 28. 
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F is merely a counterpoise. The rod P P* is connected i 
•orth by a wire ending in a platinum plate J, wiiicli dips into 




I 



jar of dilute sulpliuric acid. Another wire connects the jar to the 
uearesfc water-pipe. The plate J helps to check the o^jcillationfl 
o£ the arm P P*. 

The deflfction oE P P' id read by means of a mirror S'. 

M and It can be charged with electricity by means o£ tha 
wircT. 

To protect the suspended arms from currents of airj the whole 
apparatus is, when in work, covered with a glass case with a 
plate glass front, through which the mirrors can be observed. 

It was not found necessary to keep the potential of M abso- 
lutely constant, as, from the deflection of P, small differences in 
the potitntials in different experiments could be calculated and 
ullowed for, 

In the actual experiment the deflection of the arm E F G H 
was first observed with a sulphur ball at L, then with a metal 
one, and then with a sulphur one again alternately. 

A door in the side of tho glass case enabled the balls to be 
changed, and a little clamp at C (tig. 28) held the arm steady 
while the exchange was being made. 
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In case of the ball and the mirror not quit* balnni;ing, the vihI 
could be slid tlirougli the hook at g. 

KegULATION of the CliAKQE. 

In order to regulate the charge, the arrangement of fi^. 30 was 




A Lejdcn jar, Y, was attached to the balls M R, and was 
connected by the wire W to a " discharging electrometer," U V. 

DlSCHABGISQ Ei.ECTROMETEH. 

This consists of two insulaled metal balls, U V (fip. 30), whose 
distance apart can be adjusted by a screw. If sparks be passed 
from one to the other, it is found, other circumstances being the 
sarae, that for any given distance, the quantity of electricity 
which posses in ono spark is approximately constant. 

Method Continued. 

A charged jar Z is connected to the bull V by a wire X, and 
cne or more sjiarba allowed to pass. The potential to which 
the balls M It are charged is proportional to the number of 
sparks, for it is etjiial to the quantity of electricity which has 
passed, divided by the capacity of the jiir Y and the wires and 
balls M, R, T W, U. 

Short Ch&roes. 

For trying the effect of charges of very abort duration, the ar- 
rangement of fig, 31 was used. The wire W was broken at ah, 
and the ends a b supported mercury cups, 
which could be coimected by means of a 
Ijent wire c. c was attached to a pendulum, 
and made and broke the contact alternately 
at short intervals. 

First contact was made at a b, and the 
bnlJs charged by passing a spark between U V ; 
was broken at a b, and U connected to earth. 
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Then cuntnct was made at a h, which dischnrged the whole 

apparatus. All these operations took rather less than -^^ second. 

Rapid alterxate Chaiiges. 

In order to alternately charge the halls M and K with (-t ) 
and (— ) electricity, a wirey (fig. !i^) was lod frotn them to a 




large tuning-fork d vibrating 18!) times per second. A metal 
plate e, attached to one end of the fork, touched alternately two 
wires k and i, leading respectively to the ( + ) and (— ) poles of 
a Holtz machine. Two Leyden jars, t and «, kept the supply of 
electricity tolerahly constant. 

In order to prevent an accumulation of either one kind of elec- 
tricity, the wire g was connected to earth through a long and 
very fine glass tube, u r v), filled with distilled water. Thia 
allowed any permanent charge to slowly escape; hutj by 
reason of its very small conducting power, did not percep- 
tibly diminish the effect of any one of the alternating chargea 
in the -j-Ji^ part of a second during which they lasted. 

Casting the Balls. 

The balls of sulphur and other fusible substances were very care* 
fully cast in a kind of bullet-mould, and very slowly cooled in order 
that there might be no cavities. In order to prevent the balls 
sticking, the inside of the mould was previously rubbed with a 
little oil, or, in the case of the resin balls, we tied with a little 
distilled water. 

The resin balls were not wiped, bnt the water was allowed 
to evaporate from them. 

The sulphur balls were enrefully cleaned, and then any elec- 
trification which they might have acquired by friction waa dis- 
charged by passing them through the flume of a spirit lamp. 
Sometimes the balla were discharged by being hung 
long time under a bell-glass. 
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The ebonite balls were turned in a lathe. 

Two balls of each substance havin<^ been selected of as nearly 
as possible equal weights, the heaviest was chosen to be the 
" metal ball,'' and fine holes were drilled in it until it was exactly 
of the same weight as the other. It was then gilt by being 
covered with gold leaf. 

Corrections.* 

The effect of changes in the potential of the working 
ball, was allowed for by noting the deflections of the arm 
PF. 

The corrected deflections of the balance were set down as 
" reduced attractions.'* 

It was found that slow conduction by the silk threads intro- 
duced errors into these experiments, and therefore threads of 
shellac were substituted. 

In order to prove that there was no action on the shellac 
threads themselves, the sulphur ball was hung on the little hook 
0, fig. 28, where it was protected by the gilt paper box, and 
the working ball electrified. No deflection of the arm took 
place. 

The fact that the metal and sulphur balls when attracted did 
Dot come to rest in the same position, but at dificrent distances 
from the working ball, was allowed for. 

A correction was introduced for small differences in the volumes 
of the sulphur and metal balls. 

It was found necessary to line the greater part of the glass 
with tinfoil connected to earth, as if this were not done it 
gradually became charged. 

The Electrification. 

In these experiments the surface of the working ball was 
changed to a potential corresponding to a spark-length of from 
one to three millims. 

The radius of the working ball in the final experiments was 
20^ millims. and the distance from centre to centre of the balls 
was in different experiments 40 and 62 millims. 

Now as potential diminishes simply with the distance, the 

* Some of the«e corrections are ^iven in a later paper, read October 8, 1874. 
Wiener Sitz., Bd. Ixx. part ii. p. 307. 
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potential of the equipotential snrfiice pa; 
of the suspen Jed ball will be from 



f through the centre 



Bay \ to \, of that of the working ball. 

Now according to De U Hue (See Chap. XXXIV.), the [Wten- 
tial which would produce a epark of one millim. would be that of 
about 2000 chloride of silver cells, and that which would give 
a Bpark of three millims. would he that of about 3450 cells. 

The potentials to which the Buspended balU were electrified 
would therefore be from that of fiOO to 800 cells with the short 
epark, and from 1100 to 140U with the long one. 

No considerable difference of capacity was observed within 
these limits. 

EpifECT OP Long Chargiso. 

When the pai-affin and resin-ballB wore charged for any con- 
siderable limC) their attractions increased. Tliis ia a phenomenon 
of "Residual eliarge/' or as Faraday calls it "Electric absorption." 
Boltzmann gives it the very expressive name of "Dielectric 
afterworking." 

After the charging had gone on for from five to ten minutes, 
B found that a paraSin hall was attracted aa strongly as a 
metal one, while the attraction on a sulphur one was not 
increased a 

Results. 

The following tuble gives the specific induclive capacities 
calculated from the experiments where the charging only lasted 
for from ^-J^- to -^ sec, and which therefore were not complicated 
by the phenomena of residual charge. 

Side by side with them are the numl>ers obtained by tlifl 
condenser method, copied from the table on page 90. 
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248 
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Cuup.iii[so:« OF Resdlth. 

The two fwllowing tabk-s give tlie ratios oF tlio attractions 
observed with different duriitione of charge and the ajtparent 
epecific inductive capacitioB culculuted from tbem : — 
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Solphar 
Ebonite . 
P.iraffiD . 
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3-90 
Si8 
2 32 
248 


261 
363 


366 
3-82 
256 
423 


h\\ 


370 
3-74 

812 
628 


6-61 



We Bee from this table that the capacity of sulphur only 
exhibits irregular variations which we may probably account for 
by errors of experiment," That of ebonite apparently in- 
creases up to a certain maximum^ and there remains constant. 
Paraffin shows a steady increase up to I'S seconds, and somewhere 
between I'S and '15 seconds something in its etrueture appears 
to give way, and the capacity becomes very great indeed. It 
is to be regretted that Piof, Boltzmann did not make an experi- 
ment OD paraffin at %1\ seconds. 

For resin the increase seems to be perfectly steady and regular 
up to the longest charging used in these experiments. 

Another set of experiments, ■(■ in v/hich various special precau- 
tions were taken, gave for paraffin the result K = 2343, 



• Probibly the ball wa* partlj orystolllne, a 
a direcliun in diflereat experiments. B 
I" Wiener Silz., Bd, liii. part ii, page 8i2. 
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The duration of chaj^in 
from rk <o in^ secood. 



s uot iDentioiieJ, Ijut it probably t 



Crvstallikb Sulphdk. 

On Oct. 8, 1S74,* Prof. Boltzmaun read another paper on tlie 
inductive capacities of crystalline sulphur. It is found that the 
inductive capacity of a crystal is diSerent in different dircctioDs 
which are related to the axes of crystallization. On the theory 
that induction is a etaie of strain, this difference would be just 
what we should expeet. 

We know tliat a crystal of sulphur, for instance, has three 
principal "axes of elasticity ; " that is, that there are three 
principal lines in the crystal along which the elasticities are 
different. 

Now the transmission of strain through any medium is affected 
by the elasticity along- the direction of transmission, and therefore 
the s]iecitic inductive capacity of any dielectric will vary according 
to the elasticity of that dielectric along the line of electric 
force. 

In Prof. Boltzmann's experiments spheres of crystalline sniphur 
were prepared and hung up with their axes at different angles to 
the line of force, and then the attractions measured in tlie manner 
which we have just described. 

The following results were obtained for sulphur, where g m. 
are the three principal axes of elasticity : — 

K, = 4773. 

K.= 3S70. , 

K, = 3811.t 

ExPEUmBNTS OP ROUICH ASD FaJDIG4.J 

Prof. Boltzmann's experimenta have been continued in his 
laboratory by two of his students, Alessrs. Homich and Fajdiga. 
Their paper was read on Oct. 8, 1874. 

The object of their research was to determine whether the 
differences of attraction observed depended on the dielectric 

• Wiener Siti;., Bd. In. pirt ii. pogo 342. 

t Thtf important of tlleiie resolts will be ttecu in Part IV. 

} Wiener Sit?.., Bi In. p«rt ii. p. 3<i7. 
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properties of the whole ball, or merely on the nature of its 
surface. 

If the former were the case, a ball of sulphur thinly coated 
with paraffin should act as a ball of sulphur; if the latter, it 
should act as a ball of paraffin. 

A series of experiments were made, of which the following 
were the results : — 



Natareof BalU 



Sulphur ball { 



( Not covered . . 

Coated with . *) 
n . ) 



pamffii 
CoatiHl with 

resin . . . 
Lacquered with 

shellac varnish. 



E >• Batio of Attraction. 



• • (.207) • • ^"^ 

• • I 2 12 J • ' ^ 



06 

2-51 
2 01 



Paraffin ball 



C Not covered 3 320 

(.Lacquered 3 314 



These experiments clearly show that the attraction of the ball 
is determined by its whole substance, and not by its surface. 

The only apparent exception is that of the ball covered with 
TesJD^but the authors explain that the resin coating was so thick 
that it formed an important fraction of the mass of the ball. 

Experiments op Romich and Nowak.* 

At the same sitting of the Academy another paper was read 
1>7 Messrs. Romich and Nowak, the latter being also a student 
in Prof, Boltzmann's laboratory. The chief object of their research 
^^ to examine the electric absorption, or '* after- working/^ in 
different substances. 

For this purpose they made two sets of measurements. In one 
the charge was reversed 64 times in each minute (rather more 
than once a second), and in the other the working- ball was 
permanently charged in one way during the experiments. 

The following table gives the results. Tiie sulphur-graphite 
^1 was made by putting powdered graphite into melted sul- 
phur. 

* Wiener Sitz., Bd. Ixz. part ii. p. 380. 
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When iho upecific inductive capacity is written down as » 
(iufinitt), or very lar^, it means that the attriictionB of the metjil 
and dielectric balls were sensibly equal.* 

These experiments seem to show tliat with imperfi^ct insulators 
the specific inductive cnpacity Increases indefinitely as the charging 
continues. It is very difficult to say what duration of charging 
is Bufficiently short to get the true instantaneous capacily. 

With perfect insulators, however, the specific inductive capacity 
seems a tolerably constant quantity. 

" Tlie specific: indm-tive eapncitj ofallgTOdcondnolors is infinite, bbwb may 
■H from tbe formula (S)onpDfe88. Fonveremvniburlbittlie ioB^rtion of a 
plate of thickness n and rp«dBc indurtive cnpacity K into an aircondenRvr in- 
creasen its capacity as if tho distanco brtwecn tha plates liad altered from m, to 
I 4- ^. But if a mefa/ plate of tliiukneM n bo inserted, the capacity 

n ir the distance between the plates had diminiehpd from n to 
N. Tliis will be obvious if we oonaidec the metat plate to touch one uf 
in denser plates. 
IS the capacity at the same time corresponds to 1 distance 

and to B distance 

Tbia cannot be true unlfss ^ s= 0. that is unless K = 00, 
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ExPKRtMEXTB OF ScHILI.ER.* ^^k 

In 1874 Schiller publisbod an accouut olsome experiraenUi on ^H 

Specific Induvttre Cupntit^' by a meUi<x] of " ek'ctrie osdllutioiis," ' ^^| 

iu which the ecmJeneer was only charged for about yij^ of u ^H 

Ktcood. Tho method will be described at the cud oi' Cbaptcr ^| 

XXIX. ^1 

He also madu Bonie experiments by a slower nn-l!u«l, where the ^H 

dtar^ iu each cugc lask-d about ^ second. ^H 

In this method the condenser waa charged and discharged ^H 

through a " galvanometer" t some 20 to 25 times per second. ^^| 

The ratio of the defli-ctiona of the galvanometer Deedle, when ^^| 

air and other dielectricB were in the condenser, gave the rntio of ^H 

the charges of the condenser in the various cases — that is, of its ^H 

capacities. The following results were obtained : — ^H 
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•Po^.Ann. 152. 1874.P.535. 

btricilj which pa«e. tlirough it in a wcoud. See Chapter XIX. 
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EXPEIUMENTS OP SlLOW." 

Ill 1H75 SilokV published t)ie results of Botne experiments c 
the Specific Inductive Capacities of Liquids. 

He used an electrometer of the shape shown in plan in fig'. 8-3, 

It consisted ofa cylindricul glass vessel coated inside with tinfoil. 

The tinfoil wus not continuous, but formed Fourquad rants, which 
were connected in the same -way as in the Thomson electrometer. 
The needle consisted of n light rigid rod, carrying at its ends pieces 
of metal curved bo as to he parallel with the sides of the cylinder. 

The cylinder could be filled with various liquids. 

The needle was kept constantly connected to earth. 

The deflection with a given battery was first noted when the 
cylinder was empty — that is, when there was only air between 
the needle plutea and the cylinder. 

The cylinder bdng filled, the deflection with the same battery 
iner?ased, owing to thegreater 



■■S'\ 




facility of transmitting indi 
tion possessed by the liquid. 
From the ratio of the two de- 
flections the specific inductive 
capacity of the liquid could be 
calculated. 

If the electrometer had been 
pe ifec tl y sy m m et rical, the spe- 
cific inductive capacity of the 
liquid would have been simply 
expressed by the ratio of the 
deflections; but as it was im- 
possible to avoid certain irre- 
vas graduated by means of ft 



Ignlarities in its construction, it 
series of observations of the deflections produced with diSereufcr 
battery powei 
The following determinations were made for oil of turpen- 
tine. Two specimens were tested : — 
In different esperimenta Silow found for one of them- 
SpMlBc tiidd«l*i OapudtT. 
,2 277 
Oil of Turpentine I. , .]2-279 
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r the other he found— 



SpMiSe IsdnctlTs Ci>paF>ij>, 



Oil of Tiir|wntti;i 

SiLOw's Second Method. 
In lHi6 llie same author published* an account of eome 
fiirther cxperimentB tnude by a different method. 

In this method a condenser, battery, and galvanometer are used. 
Bj means oE a "rapid commutator "t the condenser is altcr- 
ivately charged from the battery and discbargud through the 
galvanometer from 900 to 1500 times per minute; Uiatistosay, 
900 to 1500 charges of the condenser were passed through the 
gllvanometer in each minute. 

Now as the deflection of the galvanometer depends on the 
total f]nantity of electricity pacing through it in a given time, 
it will, when the speed is utiil'urm, give the average value of the 
chuiges of the condenser. By alternating esperiments with air 
and other dielectrics, the specific inductive capacities ot the latter 
could be calculated. 
The following results were obtained : — 

Dlelcetric. 8p«lBo Indnctl™ CupMlty. 
Oil cf Turpeotine II 2'1S3 

p«r.l..„,2.p»„„. jjj; ; ; ; ; ™ 

CrysUlliied Banxol 2 193 

EXFERIUEMTS 0^ WnLLITBK.J 

\ 1877 Wullner published an account of some determinations 
« specific inductive capacities of various substances. 

two methods. In the first method the condenser 

I of two horizontal melal plates. The lower one was 

HDnected to earth, and the dielectric laid upon it. The upper 
pl>te Kas suspended horizontally by a cord passing over a pulley 
•o that it could be raised and lowered. The distance between 
the plates was observed by means of a microscope. 

The condenser being charged, the potential was observed ; 
"'St, while the dielectric was between t!ie glass plutes; secondly, 
"f^r it had been withdrawn. 

The ratio of the two capacities of the condenser was then 
We inverse ratio of the potentials in the two cases, 

JfogB. Ann. 158, 1876, p. 306. t Cliaptar XIX., PInte XXI. 

X Sittuagab. konifl' bsjer. Aknij., 1877, pa^ 1. 
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In order to calculate tiie effect of leakage, tlie upper plate wos 
drawn up away I'rom the rest oF the condenser, both before and 
alter each observation, and the charge meaeurcd. ^ 

The difference between the two measurements was the losi^| 

that had occurred during the experiment. H 

Wui.lnek's Second Method. H 

The above method was, however, found to be very Inaccuratey^| 
BO another was adopted. The Rime condenser was used, but a " 
constant potential was oI>tained by using a battery of 12 cells, 
one end of which was connected to earth. 

The condenser was charged from the battery, and the charge 

measured by meansof a toi-sion electrometer, and was expressed in 

terms ol' the number of degrees of torsion wliich were required 

to bring the deflected needle back to a constant zero positiui 

The following results were obtained: — 

Dielcctrio SpedBc IndnptiTs Capadl;, 
Paraffin 106 

Eboiiile 2-56 

Sulphur 2-88— 3-21 

^■■•""fn:; : : ; : S 

GiasB eao 

"Wui.i.NKii's Gexebal Conclukions. 

Wiillner arrived at the following geneml conciiisiona on tW] 
subject : — 

" TJie thickness of the dielectric does not affect its speciliG 
inductive capacity. 

" The capacity increases if Llie electrification is continued — at 
Krst rapidly, then more slowly, and then it gradually approaches J 
a fixed maximum value. H 

" The capacity which will be reached in a given time is in-^^ 
creased by frequent repetitions of experimenis on the same plate, 
and also by long charging. By frequent charging, an increase of 
capacity is produced in sulphur, which lasts for a very long time. 

" The change is not a permanent one, but, after a long time, it 
gradually disappears. 

" The inslantaneoiii eapaeify [tkaf U, the eopacily when the charg- 
ing ottly latts far a verg small fraelion of a second) ia of quiU 
a different Hatnre to thai eapaeitf whidA inereaaes aloicly aa the 
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eUeltiJicalhH continue*. The ' initanlaHeuut capacity ' U tnile- 
pndent of tie conduct ibilily — the ' tluw capacity ' ta not." 

If the above conclusion should be coiifinned by future ex- 
jwrimentfi, it will probalilyat once explain the great diBcrepanotee 
in ibe retAulta obtained by ililferent obeervers ; for, in experiments 
of different dui-ationa, the capacity observed would be partly due 
tn the iuGtantaneous capacity, and partly due to whatever value 
the slow capacity might have reached at the conclusion of the 
eiperiment. An argument in favour of this view ie fuund in the 
fact that the results obtained by diiTerent observers agree ranch 
letter for good insulntom than for bad ones, for, according to it 
in a [lerftHrt insulator the two cajiacities ehould be eiiual. 

Bh, HoPKlNSON'a ExPEttlMEXTM OX OPTICAL FlINT GusS.* 

On May 17, 1877, a paper by Dr. Hopkinaon on the " Electro- 
static Capacity of Glass " was communicated to the Royal Society. 

The instruments used were : — 

(I) The sliding condenser made for Messrs. Gibson and Bar- 
«bv'g experiments ; f 

(t) A Thomson electrometer fW^hitc pattern) ; 

(3) A batter}' of 42 Dunietl cells.J the middle of which was 
connected to earth. 

It is siiRicient for our present purpose to know that this is an 
arrangement by which equal and opposite polcntinls can be 
obtained simullnneoiisty. 

(4) The guard-ring condenser. 

This consists of a llxed insulated brass disc, k (figs. 84, S5), 
sarrounded by a fliit ring, such that the ring and disc together 
form a large 6at circular plate with an annular space of one 
millim. round the disc. 

Below this ia another larger plate, e, which can be moved up 
and down by a micrometer screw. 

The glass plates under esamination are placed between e and k 
H> as to form the dielectrics of the guard-ring condenser. 

The glass being inserted, the sliding condenser is moved until 
it and the guard-ring condenser have the same capacity, and the 
screw of e is read. The glass is then removed, which diminishes 
the capacity of the guard-ring condenser. 

t See pngc 85. 
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e is thfin screwed up until the capacity is again equal to tliati 
of tbe eliding condenser. 

The ecretr is again read, and from the diflerence of readings 
the difierence of capacity caused by the glass can be calculated. 

CoMPAluaON OF THE CoSDEHSEltS. 

The equality of the condensers is determined as follows : — W« 
eompore the sliding condenser with that consisting of k and » 
without the guard-plate. 

TheconnectionsareGrstarrangedasiii Rg. 34, and the battery 




then charges the disc k with its guard-ring, and the inside of 
the sliding condenser, to equal and opposite potentials. 

If the capacities are equal, the charges will also be equal and 
opposife. If the capacities are unequal, the charges will be un- 
equal. 

By a sudden movement of an ingeniously contrived " switch," 
the connections are now altered to those shown in fig, 36. 

The battery, being put to earth, exercises no further efTect, and 
tbe ( + ) charge of the sliding condenser is combined with the (— ) 
one of k. 

If tbe capacities are equal, the resulting charge will be z 



be zero. H 
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To test this, contact is now immetl lately mode at q (fi>;. 33], 
vrhieh puts the condeii§er9 into connL-ction with the electrometer. 

If the capacities aro equal, there will be Do deUeotiun. 

Iftha sliding condenser is the Inrjjost, there will be a ( + ) de- 
[liwtioQ, and a mitst be raised ; and if the guard-ring condenser ia 
brgest, there will be a (— ) deflection, and e will have to be lowered. 

Tlie only use of the guard-plate is to Facilitate calculation, for, 
aa we stated in the account of the absolute electrometer, the dia- 
tribution of the electricity near the edges of a plate is complicated, 
but Dour the centre it is uniform. The effect of the guard-ring 
islomaWe the disc k a plate which is all centre. 

Tbe following experiments were made : — 



Kind of Glut* 


Specific Gravltj. 


C.p«Uy. 


^^. 


VfTJ light Ki;i.t . . 


2S7 


6-67 


B-29 


Ligbt Flint . . . 


33 


6.85 


2U 
203 


DcDM Flint . . 


366 


7-4 


thaVleeitradtfDse Flint 


4-5 


JO-l 


22S 



We see that there seems in these experiments to be some con- 
nection between the density and the capacity. It is, however, 
|rrobably not u very important one. 

GoftDON'S ExPEEIKESTat 

The great diRicuUy which all investigators of specific inductive 
rapacity have met with has been due to the fact that, if a dielec* 
trie is charged for any oppreoiahle time, some of the charge is 
" absorbed," and the phenomena of " residual charge " complii-ate 
the observations. 

The present writer has made some experiments on the specific 
inductive capacities of various substances by a method where the 
elTects of absorption are guarded against in two ways. 

* The glsMM vfre tlinse made li; Messrs. CbauM Tor optical purposes. 

t Phil. T.'aiu.. 1879. page 417. 
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(1) The electri6eii metal plates of tlid condenser do not toiic-li 
tlie dielectries; and 

(2) The charging only lasts - f i i j a «'' " second. 

The Inddctiox Balance. — Plates VIII., IX., X. 

The chiuf instruraeut used is a very com plicated condenser i 
called the "^Induction Bulance," the general phm of which isjl 
due to Sir Wm. Thomson and Professor Clerk Maxwell. 

It consists eEsentiidlyol' live circular parallel metal discs, a hcd«^k 
iciftf are fixed, and a can be moved parallel tn itselT by mean*.! 
of a screw. « c e are G inches in diameter, A i^ are 4 inches, TberftV 
is a space of about 1 inch between each plate and the one next iL I 

We will ^ive the details of its construction immediately, but I 
first we will explain the method of its working. 

Thbout op thk Induction Balance. — Plate VIII. 

The source of electrification (coil poles in Plate VIII.) is ones 
that gives equal and opposite potentials. Where the doubh| 
sign (± +) is given, it means that the sign of the electrifioation*! 
can be rapidly revereed. We will for the present consider the elef 
trilicatioijs of all parts of the apparatus to have the upper eign, 
and the reversing engine i.ot to be at work. 

We see that one pole of the coil is connected to the outside 
jilates a and e, and the other pole to the centre plate i. 

The two small phit«s, h and d, are connected to the quadTaatn 
of an electrometer. 

The centre plate c can never produce any deflection of tba-1 
needle, because, being jilaced half-way between the small plates, T 
it will produce an equal and similar charge ou each of them, antl ] 
therefore eqnal and similar charges on the quadrants. 

The outer plates will also produce no effect on the needle i 
long as there is only air in the balance and they are placed J 
eymmetricully — that is, as long as distance ^ is equal to A 
tance e d. 

If, however, a is moved by its screvv away from ^ (so as to ' 
make distance a b greater than e fl) , there will be a lett inductive 
action from a to i than from e to rf, and the ueedle will be 
deflected in the direction which shows that the unshaded quad- 
rants arc most strong!}- electrified. 

But if, on the other hand, any dielectric of greater specific 
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inductive capacity than air be placed between a and b, there will 
l>e a greater inductive action from a to i than from e to rl, and the 
needle will be deflected in the opposite direction. 

It is clear, then^ that if we insert a dielectric^ and at the same 
time screw a away from b, we can find a position for a where the 
increased induction throuj^h the dielectric is exactly balanced by 
the decrease due to the greater distance^ and then the needle 
will remain at zero. 

The distance which a will have to be moved to compensate 
any given dielectric plate will depend only on the thickness of the 
latter, and on its specijic inductive capacity. 

In the experiments we read the position of a, which brings the 
electrometer needle to zero : 1st, when there is only air in the 
balance ; 2nd, when the dielectric is inserted. 

The difference of these two readings is the distance which a 
has been moved. We measure the thickness of the dielectric, 
and then we can calculate the specific inductive capacity by the 
followins: mathematical formula. 

The Fokmula op Calculation.* 

Let the reading of a, when there is only air in the balance, be 
fl,, and that when the dielectric is inserted, a,; then [a> — at,) is 
the distance which a has had to be moved. 

A dielectric plate of thickness b, and specific inductive capacity 

K, acts like a plate of air of thickness —. Tliat is to say, the 

capacity of a condenser whose dielectric plate had a thickness ^, 
and specific inductive capacity K, would be equal to that of a 
similar condenser having, for its dielectric, a plate of air of thickness 
b 

We must remember that when we insert a dielectric plate of 
thickness b inte the balance, we displace a plate of air of the 
same thickness b. 

The effect then of inserting the dielectric is to increase 
the capacity of the condenser, consisting of the plates a and 
b, as much as if we had brought the plates nearer by a 

distance i, and further apart by a distance ^ ; that is (as b is 

* Compare page 87. 
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greater than }, as if we diiiiinishe<l the distance between the 1 
plates by a quantity ^— ^• 

But as we have moved a so as to keep thit needle ut zero, 
have produced an exactly efjual decrease of capacity by iocreas 
the distance between a and d by a ijuantity («, — a^. It is clear 
that this real increase of distance must bo exactly equal to the 
imaginary decrease of distance produced by the dielectric, and we 
must have 

or, in other words. 



aud this formula was used to calculate the results of the experi- 
ments. 

We/iote that we do not require to know the distances «, b or 
a, h, but only tbeir JiifL-reuce, which is much more easily 
measured. 

The Keveiisals. 

We have hitherto supposed the needle to be charged positively 
ill the ordinary way. Let us suppose the equilibrium not to bo 
established, but the actiou of a to be greater than that of e, and 
the electrifications to have the upper signs, a and e will induce ( + ) 
electricity on i and (I, and (— ) on all four quadrants; but the 
el cctriH cation of the shaded quadrants will be the strongest, and 
the needle will turn to the right (in the direction of the hands 
of a watch) . 

Now, suppose the electrifications of a c e to be all reversed in 
sign, but to have the same numerical values as before ; a and e 
will now induce a (— } charge on b and d, and a ( + ) one on 
the quadrants. The shaded quadrants would slit! be the strongest, 
hut the needle would now turn to the left. It is clear that if, as 
in actual work, the reversals were very rapid, the needle would 
merely receive rapidly alternating impulses in the two directions, 
and no disturbance of the equilibrium would produce any 
deflection. 

To escape from this difficulty, Prof, Clerk Maxwell arranged 
iliat the needle, imhad of being permaneiiUy ch-irged, thoitld be 



^nnected to the ptafe e. 



J 
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^ of the charge of the needle is then reversed with the 
of the cliar^a of the balance. 
now the eleetriliuations have the U|j|ier signs, and thu shaded 
ijuudrnnts be strongest. The (|uadrant3 will l>a (— ) and the 
ije«ille ( + ), and, the force being atlructive, the needle will turn 
right, 
let the eli-ctrifieation be reversed, the qiiadmnts will be 
'and the nef-dle (— )• Tlie force will still be attractive, and 
'ifjflecfio* iit the tame direction an hefure. 
In jiractiee, when the electrifita lions of the live platen, the 
dielectric, the needle, and the four quadrants wer« nil being 
reversed 1 2,000 times per second, the deflection of the needle waa 
perrectJy steady, and exactly under the control of the screw 
oitt. 

motion of a of yoV? '"^^^ usunlly moved the spot of b'ght 
electrometer scale about one millim. 
nipid reviTsuls (12,'JOO per Beeond) were obtained by 
I* of an induction coil* and high-speed break^f which are 
described in Part III. (Sec CliapttT XXXllI.) 

The secondary reversing engine.J described in Chapter XIX., 
WHS used to again reverse the electrifications on their way to the 
linlaoce about 30 times per second, in case there should be any 
praponderance of either (1-) or (— ) after the first reversal. 



ueeJle ( 

In I 
dielecti 
reverse 
perfect 

li '^^ '' 



! CoNNKCTiOfra. — Plate IX. 



Pbtails ok 

late IX. is a ground-plan of the laboratory, showing the 

I arnni^enient of all the iustniments and their connecting wires. 

The student who is ignorant of the theory of the induction 

eoH ts advited to defer the consideration uf this plutc until alW 

RM read Chapter XXXIII. 
Dktails of the Induction Balance. 
Plate X., and figs. 36, 37. 
late X. shows the induction balance and electrometer in 
pective. 
"ihe electrometer is enclostd in the wooden case at ihe right of 
the picture. It« lamp, scale, and lens are seen at the back. The 
idle at the left illuminates the ecale of plijte et. 

Pktf XXXII. t PInle XXXUI. J Plat« XXI. 
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The total height of tha balance is 2 It. 2 in., nnd the size of 
the tnble shown in Plate X. ia 4 ft. 6 in, by 3 feet. 



The Sla' 

The whole apparatus stands 



; T4BLE. 

pon a miissive briclc and slate 
tnble, whieh is sujiported on a mass of brickwork independent of 
the floor of the laboratorj'. Thus no vibration is communicated 

t« the apparntiia by persons moving about. 

The Balance. 

The plates i e (/ e are supported from above by steel rods. 
The lower end of each rod is screwed into the upper eilge of a 
plate, the upper into an ebonite plug fixed into a small triangular 
horizontal brass pLite, at the corners of which are levelling 



I 



I 




t on a Hat brass stage, a slit in which 
allows the rod to pass through. As there is not room for all 
four trifvnglea side by side, there are two stages one above the 
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B plates e e hang from the lower stage, and b d, which are 
i with longer rods, from the upper one. The triangles, 
Q a4jnBte<l, ore clamped by screws, which for e e are fixed in 
the woond stage, while for b d the clamps are carried on a third 
6tag« made espt'ciiilly to hold tliem. Fnur stout brass pillars 
support the three stages. The feet uf these pillars are sci-ewed 
into a large brass plat« let into the woi^len base of the iiiatru- 
tnent. On tliia I'latc also stand the pillars carrying plate i. 



Plate a is fixed to the end ofu brnsi. rod of section I 






I fixed 

m 



Ijrhich it is insulated by a block of ebonite (E., fig. 30). This rod 
on two pillars (A. A., figs. 36, 37), which it touches only on 
inclined surfaces (fig. 37). It is pressed downward by stout 
'springs («a, figs. 30, 37). Itismovc.1 
backwunU and forwards by a screw H, 
pressed by s spring against a hiirdencJ 
steel plale at C (tig. 36). The screw 
nside D turns in two collars^omr 
fixed to 1), and liie other only kept 
revolving, and forced anoy 
tbe Ki'sb by a stout spiral sprijig. 
prevents what is called " bad;- 
ib," 1. e., it ensures that tlie longi- 
ladinal motion shall be reversed iit 
the same time as the motion of thi- 
screw. FiK.3?. 

A scale divided to -^ inch is en- 
graved upon D, and a vernier fixed to one of the upi-ights 
reads the position of plate a to -^-^ inch. The scale is read 
by a microscoiw, fixed some three inches distant on the case of 
the instrument, and shown at the left of Plate X., just above the 
candle. 

Tlie five plates are enclosed in a glass ease, like a balance case, 
about 13 inches long. It passes below the stages, and holes in 
the top glass admit the four st^el rods, A hole in the side 
admits the rod D, so that a is inside the case, while the screw- 
head is outfiide. The dotted line in fig. 36 shows the position of 
the glass side of thu case. 
The five plates are placed close to one end of the case. On 
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the biise, InBide the case, are slides, ia which stages for carry- 
ing tlie dielectrics move. The stages can be moved by rods 
projecting beyond the case. Thus a dielectric under esaminatioa 
can be placed between two of the plates, or moved trom them, 
without opening the glass case. 

On the upper fixed stages are ebonite pillars witli doable 
binding screws on them ; to the lower nut of each is attai^hed a 
flexible spiral wire, leading to one of the plates by way of the 
steel rod. By means of the upper nuts the plntes can be 
connected to other instruments. 

The Mecuanican Slide. 
One of the sliding stages — viz. : that used to place a dielectric 
between a and h " — has " mechanical motions." In addition to 
the rod by which it is drawn in aud out, there are three other 
parallel rods, with milled heads. Turning one gives a liiteral 
motion — viz. : moves any dielectric placed on the slide nearer a 
or b. By turning the second, the dielectric plate can be placed 
either exactly vertical or inclined a little in either direction ; and 
turning the third gives the dielectric a small angular motion 
round a vertical axis. 

The BitAsg Cover. 

The upper stage, which carries the connections of the small 
plates b d, is enclosed in a brass box, shown in outline in Plate 
X. The steel rods belonging to the plates b d are enclosed in 
metal tubes. 

The wires leading to the electrometer from the terminals of the 
small pl.ites ou the upper stage are also enclosed in a wide brass 
tube. The electromet^^r itself is enclosed in a wooden box, lined 
with tinfoil J a small window (not shown) allows the light of the 
lamp to enter and return. The bos, tube, and tinfoil are carefully 
connected to earth. The tube passes through the base of the 
balance to allow the glass shade (not shown), with which it is 
covered when not in use, to be lifted on and oiT without disturbin" 
the connections. 

Other Details. 

The wire which passes just above the electrometer leads from 
plale c to the needle. 

* This IB the onl; etaga that ia used in actual 



I 
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The little plufj. wpn in the frout of the picture, makes and 
V>rcaks the coil primary (see Chapter XXXIII.) — thai is, starts 
and stops the electrificatiun. 

The observer, Btjtnding where he can see the scale of the 
electrometer, is able to start and slop the electrification with his 
right hand, und to work the screw of a with his left. 

A glass plate is seen on the slide ready to be pushed in between 
a and b. 

Tub Thomson Ei-ectrometek. 

This is a (juadrant of the cimplc form by Elliott; one of 
White's, which I have, was found to be unsuitable for use with 
the reversing gear. When, as in this case, the instrument is 
only used as an eU-ctroscupe, the superior sensitiveness of Klliott'i^ 
pattiTn gives it great advantages. 

Thb Calmpkhs, 

These arc a pair with especially long jaws, mode for use in 
ai]justing the plates of the balaiue. When laid upon a bracket 
fixed to the outside of the balance case, the jaws projected right 
in between the plates. This bracket could be inclined either up 
or down, tor measuring at the lower or upper parts of the plates. 
The "outeides" scale was used in the ordinary way for 
measuring the thii'ktiCBS of the dielectric plates. 

TilB DiELECTBICS. 

The dielectric plates were 7 inches square, and from t inch to 

1 inch thick. They were made with their sides accurately 

parallel. When practicable, they were cut in a planing machine. 

Thb ELEcrnoMOTivE Force. 

The electromotive Ibrcc used was about equal to that of :!()5U 
cells of Mr. De la Kue's battery. (Chapter XVIII.) 

SrECIUEN OnSEItVATlONS. 

The following are the details of the determination of the 
capacity of Light Flint Glass ;~ 

6 = -m%, 

u. tD 1503 (3J 1«8 [5) 1-496 (7) J'500 

u. (2) 1-036 (4) 1-031 (6) l.tKfi (tt) \m-l 



lilean '46675. 
. ^?«_ =3 013. 




I 
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Results. 
Tlie folloning is a general table of the results obtained for 
different substances ; — ■ 



N»B.B(.fIllelortrtc. 


BpraiBc 


loUnrtivB Cftiwcitr. 


Glass— 








3164. 




Eitra-df noe Flitit 


3064. 




DePM Flint . . . . 






Li^ht Flint . . . . 


3-013. 




Hurd Grown . . . . 


3'IOS. 




Common Plate, two speeimf ns — 






„ a 


3258 \ 
3228 j 


mean 3a'13. 


Ebonite, four Blabs- 






No. 1 






.,2 


2 2482 ( 


n.Mn-2-281. 1 


„ 3 


2 3097 r 


,.4 


2 3077 J 




BestqualitjGuttn Pw;lia . 


2-4G2. 






2 547. 




Iniiia-rubber— 






Blatk 


2 220. 




Git!)' vuk-iLiiizcd 


2-1U7. 




Solid Pamllin. sppuific Rravity at 






IP C. = OKI), mrllmj,' point 






68° C. S<i Blabs c^ut in plnnini; 






nauliiiie ; rwulto wrreuled ftr 






CATitivB 






Ko. 1 


i-siaio 




.,2 


l'y784 J 




!! t 


I'iisHiy I 
2i)ia<3 1 


l-993e. 


„ 5 


1 Slilo4 
20143 ' 




Sh,'llao 


2 74. 




Sulphur 


2-5S. 




Buulpliid.> of Carbon . 


1-81. 





The agreement of the experiments on ebonite is a very good 
test of the accuracy of the method and of the formula, for the 
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four plates of it were of very different thicknesses^ as the following 
table shows ; — 

SuMMAET OF Experiments on Ebonite. 



SUibw 


Thiekneis. 


Bpcciflo Inductive Capacitj. 


1 Xo. 1 

.. 2 
.. 3 
„ 4 


i-ch. 

•764 
•6<)9 
•616 
'264 


2-2697 
22482 
23(>i>7 

2'3(»77 


Mean 

1 


2 284 



Extreme difference from the mean = — 1*5 per cent. 



Cavitils in Paiiafpin. 

It is impossible to obtain thick plates of paraffin i'ree from 
numerous cavities, so a correction had to be applied for them. 
The best correction which I could devise was, in the calculations, 
to substitute for the plate of thickness b an imaginary plate of 
thickness U where L' is the thickness that the ])late would have 
bad if it had been of the same length and breadth, contained the 
same quantity of paraffin, and had had no cavities. 

To determine U we have — 

. ^ . Specific gravity of plate 

Specitic gravity of paraffiu' 

Let us call the ratio of the specific gravities <f> and write 

The si)ecific gravity of a small piece of the paraffin free 
from cavities was determined in the ordinary way and found to 
be -9109 at 11« C. 

The specific gravity of each plate was determined by weighing 
in water. 

The following table gives the results of the experiments and 
the correction applied to each plate. 

K is the capacity calculated from the real thickness b, and ISJ 
that calculated from the corrected thickness V, 
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Summary or Experiments ( 



PUte. 


Bpcetfle Qmvily 




Ii. 


(.'. 


K. 


K'. 


No. 1 


■8783 


■11643 




■703S 


19261 


I'liOin 


.. 2 


■8771 


■9628 


■750 


■7221 


leoM 


1-9784 


.. 3 


■8951 


■982« 


■748 


■7-241> 


1-1)358 




.. 4 




■41780 




■7'148 


r96»7 


2012fi 


.. s 


■S933 


■Bses 


■755 


■745(1 


1-94^8 


r9634 


., 6 


■902L 


■9U03 


■761 


■7467 


1!H)47 


20143 



Mpnn vulue of 



Among the corrected values the eitreine diflereuce from the 
meun is — 1'4 per cent. 

Among tlie uncorrected vnlues the extreme difference from the 
mean is + 2^5 per cent., which shows that, though the correction 
is a rough nne, it gives numbers moie nearly accordant with 
euch other than the uncorrected experiuietits. 

The melting point of the paraffin was 68° C. 



BisfLPHiDB Of Carbon. 
intained in a gUiss trough. In thisi 



The Il<|uid Wii 
tlic re-dding when the empty trongh was jilaced 
ri'uding wlicn it was full. The trough was 7 inches wide 
9 inches high; li is its internal thickness. 



the 
nnd 



StCtLAa CuiKGES IN THE SPECIHC INDUCTIVE CAPACITY OP 



Glass." 
The experiments on optical glass described above 



LThc experiments on optical glass described above were made 
iihuut Christmas, 1ST7, whvn the glass had only Ihku cast a Tew 
weeks. 
At the end of Jiily, IS79, I commenced a repetition of tbo 
esperiments, using the same slabs of glass, and was surprised to 
tind a hirge increase in lite upeci^e imliic/ire cupacl/j/ in every 
case. In som>! cases the increase was as much as twenty per 
L-ent. 
The following is a table of the resolls : — 



* Report of the Biilihli Ass 



1, Sh^jHcli 



S70, pHg* 250. 



J 
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SpECiric Ikductivk Capacity of Opticm, Glass. 



Double Ertra Den«e Flint 




JdI; ua Aiuwi. U7I. 


3.,« 


3838 


Citn DrnM Flint . 


31)53 


3 621 


Ligbt Flint . . . . 


3-013 


3143 


H,rdCn.«ti .... 


3103 


3'310 



The arran^meDt of the apparatus (including t lie coil ntid rapid 
ireat) wae precisely the same as in my earlier espurimenls. The 
electromotive force was iis nearly as possihle the same, and ex- 
|>erin]ent has shown thnt moderate variations in it db not alfect 
the results. 

Tlie differences observed might have heen caused by any one 
of three things; — 
{1.) By error in the 1S79 espoiiments ; 
(i.) By error in the 1S77 experiments ; 
(3.) By a change in the specific inductive capacity of the glass 
between Christmas, 1877, and July, 1879. 

areful repetition of the lS7fl exiieriments has convinced mc 
1 that there is no error in them. 

If the difference is caused by error in the 1877 experiments, 
then in 1S77 I must have obtained too low a result. With my 
induction balance, too low a result is given if the dielectric is 
covered with a badly -conducting lilm ; • the effect of covering the 
I dielectric with a well-conducting film is to prevent observation. 
Before rejecting the second ex])lunation of the difference, based 
on the hypothesis of error in the 1877 experiments, it is therefore 
necessary to prove that in 1877 there was no film on the surface 
of the glass of sufficient conducting power to cause a lui-ge error 
in the results. 

In 1877 the glasses were not washed by imniersiun in water, 
, but were thoroughly cleaned with a glass-cloth and wash-leather, 
i To the beet of my recollection they were firet rubbed with a dump 
* For the film niu»t be conaiilernl tu be connected to eiirtii. 
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cloth, then with a dry one, aud then polished with the leather, 
being frequently breathed &n during the process, and then usually 
warmed at the fire. This process ivas so far effieaoious in remov- 
ing any conducting film of moistu"^ from the glosses, that nt the 
end of it they were usually found to be electrified by the Friction 
of the leather. When this occurred they were passed rapidly a 
few times over the flame of h spirit-lamp to discharge them. 
They were always so warm that any visible moisture depi>eited 
by the spirit-lamp disappeared instantly. 

In the 1S79 experiments, which ore quoted in the pi-eceding 
table, the glasses were washed in hot water, wiped and polished, 
and passed over the spirit-lump while still hot. After observing 
a difference in the firnt two specimens eiiamined, I made pre- 
liminary experiments on tlie other two before cleaning them. 
Tiie following are the results obtained : — 

Light Flint Glass. id!™u*« 

CliriHtmHi.. 1*177 a 01 

Aiigurt 4, 1879.— DuBli^d linbUy w'tli du-ter, not rubbed . 290 

August 1. — Cleuneil iu liot watur, ei|ieriiiiirnted on while hfit . . 3'44 
August 4. — Cooled uiicicr tap, wiped with gluss-cloth . . . 3i4 
August 5. — Hud Etoud tueiity-four liuure uncovered on table, not 

wi|i«l 3-39 

August 5.— Smenred all uvrr with oil 3'48 

August 1. — SmoliAd on oily xurlkce OTpr pnraffiN 1»nip, suub to lUHku 

glass seDii-opii<]Ue ■ 3'4l3 

August 6. — GluBB ir.ade very wet with Kolution of eBl-iiniino- \ Kxperimeut 

nine ) iinposuble. 

August 6. — Houglily dried with duatcr; suiface appeared opaque, 

like ground gins* 164 

AugUflt 6.— Wip«d over villi glass-elolh, but not rubbed . . . 2 86 
August 5.— Rinsed under cold tap, and wiped irilli gluss-ololh, but 

nnt polished 3-i6 

Augusts. — While still cold, passed over spirit-lunip till uioeh more 

clouded tlian ever would l)e the case in actual WD'k ; plsced in 

balance, nnd eiperirnent made as qaiukly as giosiiible . . 3'4S 

Hard Chowh Glass. 

BpeclBe 
OapwrilJ. 
Christmas, 1877 . S'UtS 

August 7, 1879.— Kot wiped for morelhan aj-ear; placed in balance 
covered with dust exactly an taken from box, which does not shut 
air light 3-23li 

August 8.— Cleaned in hot water, as described above . . , 3'3IO 
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My conclusion from tlie aliove numbers is tliat, nltliDUgh it is 
pOEuble, by eiiffit-iently wettiDjr the siirriict! of the plate, to pro- 
dooe on/ apparent reduction of the specific inductive capacity, 
yet thnt, if even very much less care liad been taken to clean the 
plates than was taken in 1S77, the greatest quantity of moisture 
tb&t couM accidentally bave been left on tbem would have been 
totally iniMipable of producing anything like the difference now 
under examination. 

I am therefore led to the conclusion that in the course of a 
year and a half an actual change hue taken place in the glastw, 
which is shown by a considerable real increase in their specilic 
inductive capacities. To complete our knowledge of this new 
phenomenon we reiiuirc a series of monthly observations, ex- 
tended over perhaps a period of several years. 

I am hoping shortly to continue the investigation of this 
subject. 

All that we can say at present is that the theory of specitic 
inductive capacity is extremely obstjure, and that induction, so 
lar from being a "direct action at a distance," is most certainly 
transmitted by the particles of the dielectrics, and is affected by 
almost every molecular change which may occur in them. 

I am hoping also to investigate the effect of duration of elec- 
trifJcation, temperature, and electro- motive force. 

Specific Inductive Capacity of Gases. 

ESFEimiKNT,S OP BOLTZMASN.* 

LOn April 23, 1S74, Professor Boltzmann read a pajier before 
I Vienna Academy, in which he announced that he had sue- 
ided in detecting and measuring differences in the specitic 
tductive capacities of gases. 

The Condens£I[. 
The condenser (fig. 3S) consisted essentially of two metal 
plates, d and e, insulated from each other and contained in a glass 
receiver, which could be connected to an air-pump and to a 
gas-holder. The plat«s d and e could be charged or connected 
to the earth or to the electrometer by means of two wires,/) and j, 
which passed through shellac plugs inserted in the top of the 
receiver. 



Wiei 




iiticngsber., B 
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The platrs a, l,f, g had uo electrical uae, but were kept aln-aysi 
connected to eartli. Tliei'r oliject was to conduct away any heat I 
whicti might be developed by the friclion of the entering gas. 




The plate <l rested on three sbelhic blot 
into brass sockets fixed to the plate h. 

The plate e was attached by shellac blocks to the plate_/i and 
the latter n-ns levelled by means of three sei-ews, i i »'. A case, 
h h, of thin sheet brass protected the condenser from external 
induction, Tbe wires j3 and q had each a flexible joint in them, 
in order tb^it Tibrntions o£ the receiver might not shake the con- 
denser plates. 

Theory of the Expeiuuents. 

Before commencing' the esperimenf* the plate e was connected 
to earth and tbe plate li to the electrometer, and air pumped iu 
aitd out of tbe receiver. No deflection occurred, which showed 
that the plates were not electrified by the friction of the air. 

At tbe commencement of an experiment, f/ was connected to 
earth and to the electrometer, while e was electrified ( + )by J 
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ineuns of :tOO Daniel! ccIIb. The { + ) I'lectricUy of d escnpiH] Ui 

th, while till- (—) was held by the atti-!K-tion of the ( + ) on c. 
wus now iiieulateii by niisitig; tlit; wiie n, but iie this 
cban^ in the eWtrical stale of the system, there 
itill no (leltei^titin of the eli-L'trometer, 

If now one more cell were aJUed to the battery, the electrlo 
action from « \a d would l>e inereased, and there would be a 
deflection & of the electrometer. It wus found that, for one 
odJed I'ell, y3 was about 60 scale divisions. 

But if, without altering the battery, the action from e to '/ 
were altered by a1t«rinjr the dielectrie between them, there would 
»leo be a deflection whose amount would depend on the change 
ofepccific inductive capacity, and whose direction would depend 
oa whether that change was an incrcoHC or a decrease. 

It was found that pumping out tlie air until the pressure wns 
reduced from that of the atmosphere (760 millims.) to about 10 
millims. of mercury caused a diminution of specific imUictive 
capacity which produced a negative deflection ( — 0} equal to 
ubout S scale divigions. 

Tub FoBMi;i.A of Calculation. 

I Let the potential due to one Danicir<j cell be p, then, if there 

I we 300 cells, the potential of the whole battery will be 300/1, 

or, generally, the potential due to « cells will be up, /9 is the 

tieflection produced by the addition cf one cell of potential p, 

and hence j9 is proportional to p. 

Let K, be the specific inductive capacity of tbe air in the con> 
denser at the beginning of the experiment, and K, that of the 
gas nr rarelied air in it at the end, 

Tlien, by the known theory of a condenser, the potential of 

I every part of it will at the end of the experiment be ^' times that 

I which it was at the beginning. As d and the metal case are 

connected to earth, their potential is zero at the beginning of the 
experiment, and -~ times zero, that is zero also, at the end. 
The potential of the plate e, which was formerly np, becomes 

I i-i H p — that is, it cha 

H "4:--"-(l-o- 
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This change in the potential of e causes a deflection of a scale 
divisions. 

Bui^ when one cell is added^ there is a change equal to /i in the 
potential of e^ causing a deflection of fi scale divisions. 

Hence, by simple proportion — 

Asnj? f—i — ij isiocz, 

80 is /? to /3, 

or 

i.e. 



• (&-')=»=• 



or 

f'=l + -l . . . (1). 

Effect of the Density of the Gas. 

Professor Boltzmann has found that, with any given gas^ each 
cliange in its density causes an approximately proportional change 
in the quantity by which the specific inductive capacity differs 
from unity. For instance^ if the capacity of a given gas at 
ordinary pressure were r002, then at half pressure it would 
be 1-001. 

Let the specific inductive capacity of a vacuum be taken as 
unity, and that of any gas at ordinary pressure be 1 -f X, then 
we know that, as the capacities of all gases dilFer very little from 
unity, X will be a very small quantity, and will have either a 
(-r) or (— ) sign according as the capacity is greater or less than 
that of a vacuum. 

Let Ki be the capacity of the gas at a pressure of d^ millims., 
and Kj the capacity at a pressure of d^ millims. ; then 

Ki is proportional to 1 -I- — -* 

and 

K. 

or 



ft 


.. 1 + 


X6, 
70O 




7C0 + \b, 
76«) + X6 
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Now, as X is a very small quantity, we may write this 

IC" 760 ^ 760 • 

By combining this with the formula (^1), page 12G, we have — 



which gives 



1 4- -2- — 1 4- X (^1 — ^ 
"^ fln " ^ 760 



^ = ,-7(3;^, • • • ^) 



and this formula was used in the experiments.f 
And we have for any gas — 

K;«=l+X, 

where Ky^ is the specific inductive capacity of that gas at 7()0 
millims. pressure when the specific inductive capacity of a 
"vacuum*^ of about 5 to 10 millims. pressure is taken as 
unity. 

Experimental Details. 

The connections with the wires q and p were made by metal 
plates r and * fixed to the end of wire triangles hinged, as shown 
in fig. 38. They could be raised and lowered by means of cords. 
For better insulation the cords were not attached direct to the 
wires, but to little shellac cylinders itt. By raising r until it 
touched the wire », the electrometer was ])ut to earth ; or, by 
lowering m while r rested on p, the electrometer and the plate d 
were put to earth together. A metal case 00 connected to 
earth protected all the electrometer connections from accidental 
induction. 

In order that the exhaustion of the air might be done quickly, 

• For {^appose Xfti = 2 and XJ, = 1, then 

K, _ 7^ _ , . J_ 
K, 701 7*51 

and I + — T^i^ — ^= 1 + ^-t;;;. wliicli gives a sufficiently close approxima- 
/oO /t>0 

tion for experimental purposes. 

* The portion £ — ^-j- of the expression (2) was the mean of a number 
of experiments with different values of A, and 5». 
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a larfje cliamber wae ptnccd between the air-pump and the tap 
C,. The chamber was first exhausted by means of tlie pump, 
and then the tap C, suddenly opened. The condenser could be 
filled with any gas by first exhausting it and then opening the 
tap C, leading to the gas-bolder. 

The tbicltneBS of each of the plates was froro 4 to 5 milHms., 
and their diameters about 160 miliiins. The plates d and e were 
1 millim. apart. 

T.NsirLiTisa Power op Air. 

Some preliminary esperimenta were made to see whether the 
air between the plates could be trusted to insulate perfectly, 
particularly at low pressures. The plate e was charged, and d 
was put to earth. Then e and d were both insulated for a cer- 
tain time i, and then d connected to the electrometer. Any 
deflection which occurred would be due to the leakage of elec- 
tricity from e to d. 

"When the time t was 6 minutes, which is much longer than 
the duration of any esperiment, no deflection occurred. 

When ( was 14 hours, there was a deflection showing that, -j-jtr) 
part of the electricity had leaked over. 

When the pressure was diminished to about 3 millims,, the 
electricity passed by disruptive discharge* from one plate to the 
other J but at pressures between 3 and 760 millims. the insula- 
tion m.iy be considered to be perfect. 

Manipulation op the Experiuents. 
Tlic operations were performed in the following order : — 
(1) The platesrand ( and the wireiM were lowered. (2) rand 

OT were lifted. (;J) The gas was pumped out. (4) r was lowered, 

but not m, and thedeflectioaofttieelectrometer was written down 

as —a. 

The order of the operations (3) and (4) could be reversed 

without causing any theoretical difference. 

Results. 
Tlie following results were obtained : — 

Temperature 15° — 17° C. 
• See Chapter XXXIV. 
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Vaconm (taken m) 1*000000. 




GftMsat7Winillima.«]Mll5'- 17'C. < 


K;„ - 1 + A 


1 

1 

Air 1 


1-000558 


Cirbonic Acid . 


1-000892 


Hvdrojren . . 

Carbonic Oxide . . . , 


1-O!io2o0 
roOiNJ.'SO 


Nitrouit GttM (NO) 
Olefiant Gas 


1 MM KIMS 
C 1()01208 

iirioi2«iJ 


Miirsh Gaa . 

1 -. 


ii)(josyo 



From these results Professor Boltzmann calculates what the 
values of Yi-^ would have been at 0° C. 
He obtains — 



Vacaum (takcitas) 1*000000. 



Ga»C8 at/OO milUmn. and 0^ C 



Air . 

Carbonic Acid . 
Hydn>^*n 
C;irlK>nic Oxide . 
Nitrous Giw (NO) 
Olf fi:int Gas 
Miirsh Gas 



K 



:60to» 



lM¥X)5i)0 
l-0l)(>l)l4i 
l()iM)2()i 
ICXMMJJH) 

i-oooim 

l(X)i:n2 
i-oooou 



For convenience of comparison with the results ^iven by other 
experimenters, I have calculated from the above tables the specific 
inductive capacities of the various gases when that of air at 700 
millims. and 0° C. is taken as the standard, and called unity. 

The formula which I have used is as follows : — 

We have 

X for air at 0^ C. and 700 millims. = •0(X)50<). 

Let the specific inductive capacity of any gas, when that of air 
at KP C. and 760 millims. is taken as unity, be 1 -fX' ; then, if we 
write 



X' = X — -000590, 
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we shall get resvilta wliich will lie tnie witliin the limits of error 
of these expenmenta.* 
We huve 



1 Speoiflr lofluBaye Cupiiciij. 


iAto^a..J7«.„iHi^..| ^",^-^,S;r' 


Air at a°C. and 70) mllllsu. laken m 11X10000. 


VKjaniB -SBMIO 


Carbouio Acid . . . ! l'fXX)356 
Hydroiren . . . i Wmi 
Cnrlionic Oiida . . 1 10001(10 
Kitron. Ga« (NO) . . | 1-000394 
01efi«ntGM ... 1 1-0OO722 
Marsh Gus . . . 1-000354 


1-000302 
■099a(O 

1-000060 

1-000348 
f 1-000618 
\ 1-000576 

1-OO03OO 



ExPEuiMEN-rs OF Ayrton and Perbv,! 
In 1877, Prorcssore Ayrton and Perry annouDCcd that tliej- 
had been able to detect and meaEiire diflcrences in the specific 
inductive eapucitiea of cc-rtuin gases, they being at that timA 
quite unacquainted with the previous investig;atiou by Prof.! 
Boltzmann on the sumu subject. 



ng.se. 
Two condensers — " the open oondeiiBer ' 
denser" — were used. 



Qtid " the closed con- 



" Tbe trui) value nf 1+ V would be got from the proportion — 
Ab 1 + (X I'cir air) : 1 + (X for gui) :: 1 : 1 -f- X'. 
Tbus tlje true vnliie of 1 + X' for carbonic acid would be 

roon9.w^ 

1-000590 
The Villus ubtnitied by putting 

X' = (\ — -OOOJOO) ia 1-OIW3560. 
or this fcirmuln only introduccB all error, 2 p«rt« in 3600 iii the vnluo of X, oi 
2 pai'U in tea millions in the value of K. 

t " On the Speoifio Inductive Capncity of Gases." Paper read befon- tha I 
Asintie Soi-ic-ty of Japnn, Apiil 18, 1877. 
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The open condenser {fifj. Sif) consisted of n racial plate, r, 
IS15 ^narc centimetrea in area, lutd on a etooe pilliir, j/, and 
another, w, supported just alxive it by means of three ebonit« 
Itvellinff screwn. The Mpjwr plute was prevented from bending 
bj means of amall " {jinlerB." 

Tlie closed condenser (figs. 40 and 41) consisted of u box in 
irbich there were 11 plates, each of ^34 siiuare centimetres in 
sm, tixed parullfl to each other. Nus. 1, 3, 5, 7, !l, 11 were 
ronnwted to the bos, and Nos, t, 4, 6, 8, 10 to a wire which 
|ms«il ont tbroHjfh a long glass tube, MP, 

The tube KR tvcat to the mercurial air-pump. 

The ratio of the ca]mcilies uf the ojieii und closed condenser was 




determined — first, when the latter wita full of air at ordii]a.rv 
temperature and pressure, and then when it wiis filled with some 
nther gas. 

The ratio of these two determinations gave the Epeciiic induc- 
tive capacity of the gas. 

The method of comparison Wiis as follows : — 
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Method op Comparison, 

One conductor of each condenser was cnnnecte J to earth, and 
the other plates were charged to equal and opposit* potentials by 
means of a battery of 87 Daniell cells and a reveraingf key. 

The key was so arranged that when the { + ) pole was connecteil 
to one of fclie condensers, the { — ) was connected to earth, and 
vice vend. The first position of the key gave connections, as shown 
in lig. 4?, and the second as if, in the same figure, the lever b 
had been depressed and a raised. 

This arrangement gave double the difference of potential which 
would have been obtained by conneeling the two poles to the two 
condensers respectively. For, if necuil the differenccofpotenlial 




between the poles of one cell nnity, the latter plan wonid have 
caused a difference of potential of 87 between the two condensers. 

In the plan which was adopted, one condenser was charged to n 
potential of 87 less than that of the earth (viz. tn — 87), and the 
other to a potential of 87 more than that of the earth, and their 
difference of potential was 17i. 

The two condensers were then disconnected from the batteij- 
and connected to the electrometer, as in fig. 43. 



When tho J 
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capacities were exactly equal, there was no deflection. When 
thej were not equal, there was a deflection whose direction showed 
which condenser had the greatest capacity, and whose amount 
depended on the amount of their difFerence. 

This deflection shows the potential of the remanent charge in 
arhUrary units of the electrometer ; let us call it^. 

In order to calculate the capacities, it is also necessary to know 
the potential of the whole charge in the same arbitrary units of 
the electrometer. 

With a small battery* this (the potential of the whole charge) 
could be determined by connecting the poles to the electrometer 
and observing the deflection. With 87 cells this cannot be done, 
as the deflection would be greater than could be measured in the 
instrument. 

The following method was therefore employed. The two poles 
of the battery were connected, as in fig. 42, by a long fine wire, 
called a " resistance coil of 10,000 units of resistance." * 

It is known by Ohm's law f that the potential falls uniformly 
from one end to the other of any resistance wire which connects 
two poles of a battery ; and therefore we can obtain a known 
fraction of it as follows : — 

Let us suppose the wire to be 1 00 inches long. Then the diflfe- 
rence of potential between one end and a point one inch from that 
end will be exactly y^ of the difference between the two ends. 

By connecting the electrometer poles to one of the battery 
poles and to a point, such that the resistance between the elec- 
trometer poles is -5-J77 part of the whole resistance between the 
hattery poles, we shall get a deflection which corresponds to -j-J^ 
of the difierence of potential between the latter. 

Let us call this deflection (f ; then the diflerence of potential 
between the two poles of the battery will be equal to (100 d) 
wbitrary units of the electrometer. 

We know that the charge of a condenser is equal to the pro- 
duct of its potential into its capacity. 

Let us call the capacities of the closed and open condensers 
C and O respectively. 

Their charges will then be — 

(100 d. C) and ( — 100 r^. O). 



• See Chapters XXI. and XXVI. f See Chapter XX. 
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When they are added together, they charge the two condenseriB 
together to a potential />. 

But the capacity will be C + O, and therefore the chai;g^^ 
will be/? (C +.Oj. 

Now this is the algebraical sum of the two former charges^ 
and we have the following experimental equation: — 

1()0 </ C — 100 rf = /) (C H- O) 
or 

(100 if — ;)) C = (100 rf + i>) O 

or 

C __ 100// -f y 

o iuu / — p 

c 

This determination of the value of having been made with 
the closed condenser full of air, another was made with it ftill 
of some other gas, and the result written down as -~. 

We then have 

e 

^' = . ass Specific Inductive Capacity of the gas under ezamination. 

o 

The following results were obtained : — 

Dielectric. Specific Inductive Capncity. 

Air IMXKM) 

Vacmim -9985 

Carbonic dioxide . . . . I'OOOS 

Hydrojren 'IHHJS 

Oial jjas 1-0(X)4 

Sulphuric dit>xi(lc .... 1 0037 

We si'o that Faradav*s failure to detect anv diflTeronce in the 
specific inductive capacities of gases was solely due to the ex- 
treme minuteness of the dilPerences, and to the want of delicacy 
of his aj)paratus. 

The '" probable error/' in any of the above determinations, is 
calculated to be not more than 0*00015 ; that is, the last figure 
of each decimal is correct to within 1^. 

SUAIMAIIY. 

The following table gives a general summary of the results of 
the experiments described in this Chapter. Their special impor- 
lance with regard to the theory of electricity will be seen in 
Part IV. 
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APPENDIX TO CHAPTER XI. 



Fbopessob BoLTZif ANN has had the kiDdness to send me the folluwini; expla- 
nation of his formula, given on pa^ 92, for calculating the specific inductive 
capacity of a dielectric ball from the ratio of the attraction of it, and of a 
conducting ball, by a charged ball : — 
In every dielectric we may write — 

M = *R (1) 

where /a is the ** dielectric moment" of a unit of volume, R the reitultant foive 
at any point of the dielectric due to all the electrii-ity acting, whether induced 
or otherwise, and it is a constant depending on the nature of the body. It 
is first necessary to prove that 

K = 1 -J- 4 IT Xr. 

where K is the specific inductive capacity. 

Let us connider one of Faraday's spherical condensers (fig. 25, p. 8lj. Let 
the radii of the two concentric balls bo 

a and a + d 

respectively, and let there be only air in the space between them. 

Let the inner ball be charged to the potential p, and the outer connected 
to earth. Let the charge of the inner ball be + £ and that of the outer 
-E'. 

The potential at a point on the outer surface of the outer ball will be the 
same as if both charges were collected at the centre, and will be 

— , -i — ~i~~i .... (2). 

But as the outer ball is connected to earth its potential is zero, which gives 
ua 

E = E' (3). 

The potential at any point of the surface of the inner ball due to the charge 
E'ii 

E' ^ E_ 
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B 

The p«tentiBl nt the same point due to the charge E is ~ 
The total poteriti.il p at the surface of the inoer ball is then 



Now p, the capacity of the coiidur: 



EB 



Now iet tbe condflnier be dlled nitli Bome other dieleclrio insteud of air. 
We mny coiiiider the dielectric to he dirided into a great number of inde- 
liiiitelj thin concentrio shellB, each of thickness d. 

Every one will be polurized, so that there will be a charge — e on its inside 
surface and + e on its outnide. Each -)- e, except that on the oatside shrll. 
will hnve n — e next it, and tacTi — e, except the one on thfi inside ebell, will 
have a -|- a next it ; so all tbe charges will uentralize each otiier, except thol 
tlivre will remain a — e on tbe inner sarface of tbe dielectric and a + e on 
tbe outer surfacfl. There are now four charges acting, viz. + B, — e, + e, 
nnd — E'. Tbe potential due to all four t^^etber at a point on the outer 
metal nphera will be 



a+a o+s u+a a+a'""' 

and as the out«r sphere is connected to earth, this must he zt 
that E still equals B' after tbe insertion of the dielectric, 
'V\ie potential due to the four charges at a point on tbe in 



(6); 



I 



= (E-< 


■>(i- 


, -L-\ = (E-«)8 


■ (7). 
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—-2 — is the quantity which wtis denoted by R (9) 

in eqaation (1). 

The dielectric moment of the whole dielectric is e d, for h is its thickness 
and e the charge of one side. The volume of the whole dielectric is 

4 TF a« d .♦ 

The dielectric moment of a unit of volume is therefore 

r^. (lO)- 

4 fr a o 

This quantity was denoted by /a in equation (1). 
The equation (1) 

/i = *R 

majr therefore be now written by substituting from (10) and (0) 



47ra* a* 

or 

e = 47rA:(E — e) (11). 

w-hence we obtain 

and 

Substituting this value (13) in (8) we obtain for d 

c'=(H-47ri:)|' (14), 

*n<l Bubstituting in (14) the value of — from (5) we have 

o 
c'=r(l 4-4 7rl:)r (16). 

.^^ t.lie ratio of the capacities equals K, the specific inductive capa<*ity of the 
^loctric ; and we have therefore 

X = - = (1 + 4 TT « . . . . (16), 
c 

**>Cfi was to be proved. We note that any small part of a condenser with 

^ plates may be considered as part of a spherical condenser whose radius is 

large. 

^ .4 

^or the volume of sphere of radius a, = . n- a'; that of one of radius 

o 

^ '^ ^) = Q- ^ (^ "H ^)'' Their difference, which is the volume of a shell of 

^^^ness d, is - ir (3 a* 5 -f 3 « ^* + i')» and, as d is small, we may neglect 
.1 3 

•^^nd and third power*. 



k 
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rp now to cmiiitUr the attraction of a dieWtric ball. 
Lot UM place at any puint, say for instance on the " working.ball," a charge 
of elwtricit}- •«■ E, and let it attract a dielectria ball of TadiuH b. Bach Tolnme 
element of the ball will be dielectrically polarixed, and the vide nearest to 
-j- E wilt be negatively charged, and that furlheet from it will be poaitiTeljr 
charged. 

In the fiillowing urgiitncnt we must consider the distance between the charge 
(i.e. the "the working-bull") and tbe dielei:tric bdl to be eo great, compared 
with the radius of thclattpr, thnt nil tbe linen of force may be taken ae parallel, 
ftnd that all points of the dielectrin may be taken to be at practically the aatoA 
distance from the charge, go that the forces acting on the electricity of the J 
dielectric may he connidcred equal and pariillel. 

When the electricity of the dielectric hall is undisturbed, wo may, if wb^ 
please, consider every clement of it to be charged with equal atid opposite el«y 
tricltifs. If the total amount of each throughout the hall be called a, ire may 
regard tbe ball as composed of two coincident spheres unifonnly charged 
throughont — tlie one, which we will call A. with negative electricity, the other, 
B, with positive; tbe total charge being in the one caie — e, in tbe other + «. 
Since at present the two spheres are supposed t« coincide, the result is a sphen 1 
at every point of whiuh equal and oppoiiite electricities are present : in other ' 
ffOrds, a perfectly neutral b^l. 



\ 

J 
d 

\ 




Now let us consider the clfeat of the polarization iiuiucud bj the prcBcnce uf J 
the charge + E on tbe " working-ball." Since the forces civrted on the elec- \ 
tricitiea at every point of the dielectric are to bo regarded as er]nal and parallel, I 
the oquai and opposite electricities at every point of the dielectric wtil )»\ 
separated to the same distance, anitin a direction parallel to tbe lingil 
joining the charge + E with the uentre of the dielectric. Regarding sepanttelT J 
the resulting disturbance of all tbe positive and all the negative cbHrg«s, wB-1 
see that the total elfect may bo represented by supponing that the twosphercM.j 
of positive and negative flectrii^ity which originally coincided and filled tba'| 
dielectric bull are displaced as in fig. 44 ; the negative sphere, A. being n 
slightly towards the chorge + E, the positive, B, slightly away from it The I 
total force eierted by tbe now polarized dielectric may be regarded as the J 
resulbSint of I be forces exerted by these two spheres, A and B. 

We can determine the action on tlie whole dielectric bull from tbe a< 
these two imaginaiy balls. 

We have the one A coutiiininy a quantity of negiitivo electricity — «. l«t | 
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ii» centre be at Ot (fig. 44). The second ball B contains a quantity + 0, and 
we will suppose its centre to be at CV> 
r«et OS put the distance Oi Ob = X, where X is a very small quantity. 
I'lae two balls A and B will now haTe the same external effect as if their 
ebAr^»es — e and + e were concentrated at their centres and O4 respec- 

X71ae dielectric moment of the two balls A B is now 

e.OjO,.oreX» (17). 

A.S the radius of each of these balls is h, tbe volume of each will be 

-3" 6* (18). 

ftD^ therefore the dielectric moment /i for eacb unit of volume will be got by 
dividing (17) by (18), and will be 

"=1^1. (i«>- 

Tbe electric attraction, on the charge E, of the ball A, with its centre at Oj, is 

~ (20), 

where r equals distance E Oi. 
The repuLiioir of the other ball B is 

(TTT); ; <^^>' 

which gives for the total attraction h exercised by the charge E on the 

dielectric ball — 

, _ E_ff _ Eg 

r* {r-\- X)* 

_ Eg {>-» + 2Xr H-X'— r*} 

r-lr + X)- 

= ll41^ = E.^ (22 

neglecting quantities of the order X'. 

We shall now seethe use of the equation (1), /z ^ ^ B. 
We know from (19) that 

_ 3f X 

^ 4 TT // 

and we wish to find R. 

For this purpose let us imagine a unit of positive electricity collected at the 
point Oi, and see what is the total force exercised on it. 

The charge 4* E exercises on it a repulsion — 

R. = 5 (23). 

* This expression is the same as that for the moment of a magnet whose 
length is X, and the magnetic strength of whose N. and S. poles is — c and 
+ e respectively. See page (149). 
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The ball A cannot act up^n 0| because Oi is exactly at its centre. 

Let us suppose the ball B to be diyided in two parts. 

One a small ball of radius X, and having its centre at Ot (the small circle in 
fig. 4i). Let us call the electric charge of this, c. 

The other, a hollow ball, surrounding it. 

This hollow ball does not act on Oi. The little ball, however, exercises h 
repulsion — 

B, = ^ (24) 

upon 0|. 

As the ball B is supporiod to be entirely and uniformly filled with electricity, 
we have, ratio — 



or 



that is 



whence, from (24,) 



f volume ) ( volume of") 

•*— lofsmallbali; * { bull B j» 



3 3 



$-' (25), 



R. = ^ (26). 



Since Ri and K^ act together, and in opposite directions, we have from (23) 
and i2()) 

R = R, -R, = -^-^ . . . • . (27). 

Tliis is the total force towards E which acts on tlie electricity concen- 
trated at the point Oi. 
The equation (1) 

now becomes from (19) and (27) 

3 e X _ X- E k e\ .^q. 

4^^'"->"~ 1~ ^"^^^^ 

whence we obtain 

eX = ,^iV— ?U. (29). 

Let us now substitute in (29), the value of 1 + -in k given in (IC), and we 
shall have 



X _ (K - 1) h> E ..^^ 



Let us tiubRtitnte this value of e\ in the expression (22) whic)i we fouud 
tot h, the attraction oE the dielectric ball, and we shall have 

K-1 2E'6» 
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To obtain the attraction V of a metal ball, we put K = « (t»ee page 102) 
in theexpreMion (31), which gives 

V = ^^** (32). 

Tlie ratio (£* page 02) of the attractions of metal and dielectric balls is 
^hen f-om (31) and (32), 

£♦ ^ — K + 2 ,fto\ 
z — i>~^~J • • • • • \^^h 

and we see that (33) gives us 

K^--,^^- (34), 

the equation used on page 02. 

In the actaal experiments the correction,f which hns to be applied in con- 
sequence of th(* balls not being indefinitelj small, is excoinlingly minute ; the 
ratio of the corrected and cncorrected values of E* is only that of 1 to 1*(K>3 
or 1*004. which would cause an absolutely innppr(*citible diifercnoe in the 
value of K. 

^ Of course, this is not the same £ as we have been uttiug in this 
Appendix. 

t The corrections used will be found in Wiener Sitz., Bd. Ixx., part ii., 
page 307. 
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ELECTRICITY AND MAGNETISM. 



MAGNETISM. 
CHAPTER XII. 

UAnNKTlSM — PRF.LIUINAEr BXPERIUBNTS. 

FoK these experiments there will be required two steel bar mag- 
nets about six inches lon^, a small compass, some kuittin^-pine 
anil sewing- needles, a piece of watch-spring, some soft iron barB, 
and some iron filin^B, 2 or 3 lbs. As these con be procurud for 
two or three shillings, the student is recommended to obtain them, 
and repeat the experiments as they are described. . 

Experiments. — It will be found that magnets attract pieces of 
iron or steel, and that the iron, and generally the steel, is attracted 
equally by either cud of tlie magnet, It will also be noticed that, 
it' we bring one of the magnets near the compass, one end of it 
'will attract its north -pointing end and repel the opposite, while 
the other will attract the south-pointing end and repel that which 
points to the north. 

TkiiM there is a difference in. the ends of tite nagnett. To dis- 
tingaish the ends it le the practice of European manfacturers to 
make a file mark on that end of the magnet which attracts tbe 
«oulh*pointing end of the compass- needle. For brevity I will in 
future call this end the marked end of the magnet uud the other 
the unmarked end. 
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Erptrimetit. — Float one of the mag^neta on a bit of oort to 
a basin of water, bo tbnt it is free to move, and holdinjp, 
the other in the hand, brin^ first its marked and then its 
unmarkMl end near the marked and tiumarked ends of ^9 

iloatin;^ magnet. 

It will then bo found that 

The murked end of one repela the narked end of the other and 
attracts the plain end, while the plain end repels the plain end 
and attracts the marked end; or, briefly, first defining that 

The ends of a magntt are called i fa pole*. 

Like magnelic poles repel each other, unlike allraet. 

For the next experiment it will be necessary to manufacture 
some magnets. 

Magnetization. 

Magnetization may be performed by rubbingabarorhardstMl 
with a permanent magnet in a particular way, or rather any one 
of two or three ways. The simplest is called " magnetization by 
single touch." To perform this, the bar to be magnetized is laid 
on a board, fig. 45, near one end of which is a stop whose keig'bt 
is less than the thickness of the bar. 




The magnet being held in a sloping position is drawn over the 
bar many times, always in the same direction, say from atob, 
and always with the same end, say the marked one downwards. 
The bar will now become a magnet with its marked end at 
a. If either the direction of motion, or the pole used, had been 
changed, the magnetization of the bar would have been reversed. 
If both were changed, it would not he reversed, or i-ntber would 
be reversed twice. 

Another and more convenient method is called " magnetization 
by double touch," fig. 46. In tliis method the bar or knitr- 
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ting ueedle to be magnetized is laid on the table, and two 
magnets being taken, one 
ia each hand, by opposite 
ends, the other ends, viz, 
the marked end of one mag- 
net and the plain end of the 
other, are htld together at the 
centre of the steel bar. They 
are now drawn apart quito 
over the ends, lii'led, and 

replaced at the centre, when the same process is repi^ate"!. After a 
number of repetitions, the steel bar is found to be a mure or less 
powerful magnet, the marked end being that over which the 
plain end of the magnetizing magnet has passed, and viee vena.. 
Let Ds now take the magnet which we have made, and 
make a file mark on it, that we may know which is the marked 
pole. 

Let a pen-tray, or otlier convenient vessel, be filled with 
iron filing*, and the magnet put into it. On lifting it oat, 
it will be foand, if the process of magnetization has been 
skilfully performed, that a large bunch uf iron filings hangs 
to each end, and that none, or hardly any, hang to any other 
part. 

Thus the whole of the magnetic force of the mai^net resides at 
its poles. 

Poles Inseparable. 

I^t ne now try whether wo can separnta the poles, so as to 
have one magnet with only a marked pole, and another with only 
a plain pole. 

By means of a file or pair of pHera let the magnetized bar be 
cut into two pieces; it will be found tb.it the old ends still retain 
all their magnetic properties unchanged, but the new end of the 
pieco which had the file mark on it is an unmarked pule, and 
the new end of the other ia a marked pole, and that either of the 
new endB will support as big a bunch of iron filings as either of 
tbe old ends. 



Stuengtu of Poles kqual. 
Thus every magnet has two opposite poles. To sbo 



' that the 
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streiii,'tli of tlieeo poles is eqUHl, niugni'tizu a piece of watch- 
spriD^j and bend it rouod so as to bring; the 
poles together (tig. 47), On bringing it 
near " to a compass, there will be no effect 
wliut ever, which shows that the attraction of 
the one pole exactly neutralizes the repulsion 
"°"" of the other. 

A better experiment, however, is the following. We know 
that the marfced end of a (.-ompass needle points lo the north and 
the plain end to the south ; we can then consider the earth as a 
huge magnet, whose marked end is at the South Vole and whose 
plain end is at the North Pole. 

Let a ma^et he floated In water so that it is free to m 
in any direction. If the poles are not of equal strength, hut say 
the marked pole ia the strongest, it will be more attracted to the 
north than bi the south, and will move northwards. Nothing of 
the kind actually occurs ; the needle twit^ts round tilt it has taken 
up a potiition pointing north and south, and then remains at rest. 
The opposite poles are of equal utrength. In fact, if we take any 
magnet and cut it in two, each piece becomes a separate magnet, 
whose poles are of the same strength as the original poles, and 
generally : — 

Into however many pieces we cut a magnel, each will have twa 
opposil-e poles, whose ttrenglh is equal lo thai <yf (he poles of lie 
original magnet. 

Magnetic Field. 

Any region where forces act is called a field of force. If the 
forces are magnetic, it is called a field of magnetic force, or 
briefly a niagnelic Jield, 

When the direction and magnitude of the forces are equal at 
all points in the field, the field is called unilbrm ; when the force» 
are magnetic, such a region is called a UHiform mai;net.iefitld. 

Throughout a region the size of any ordinary table, th»' 
earth's magnetic force may be considered uniform. 

For convenience let the table l>e set so that the eompani' 
needle points along it. Now at all points just above tbift 



' Tbe poles must nnt b« brunght loo cli 
wll) act more powerfully thnn the ono tar from it. 
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table there will be a constant magnetic force parallel to the 
I^Dgtb of the table. It will not be liorizonta! ; but, as a constant 

proportion of it will be horiMntal, (ve miiy, lin" "ur present pur- 
poses, coHBiJer it to be so. 

CorFiJt. 

The force on any compatiB-needle, or other magnet on the table, 
is now what is cnlled u cuuple. 

J)e/»i/ioM of a coupU. — A couple consists of two eqnal and 
opposite forces, aetin|r on a body in ilirwtious which ai-e parallel, 
but do not coincide. It is obvious that a couple cannot move a 
body, but only cause it to revolve. The force acting on a water- 
wheel is a ^od instance of a couple. Neglecting for a moment the 
weight of the wheel, we see that, if there were no axle, the force of 
the water acting at A, fig, 4S, 
would simply carry the wheel 
down stream. When, how- 
ever, an aile is inscrteil at O, 
then, in order to prevent 
the wheel being carried down 
stream, the bcanngs of the 

axle have to press on it with 

a force equal to that exerted "•'■"■ 

by the water, and iii an opposite direction. Here there are 
two ec^ual forces forming a couple, and their effect is to make 
the wheel revolve, 

A magnet in a uniform magnetic field, in any position except 
parallel to the lines of force, is subject to just such a couple, 
only, if the magnet is free to move, it very soon takes up a 
position parallel to the lines of force, and then the directions of 
the two forces coincide and the couple disappears. 

Moment. 

The directive force of a magnet, in any position in any field, 
eqnala the force which a torsion thread at its centre would have 
to exert to keep it in that position, and is the vtomeid of the couple 
exerted by the magnet, or as it is generally called, the moment 
of the magnet, 

De^nU'toH of moment. — The momentof a couple is the strength 
of either of its ei^ual forces, multiplied by the perpendicular dis- 
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tance between tlie lines, which represent their direct ions and pass ^ 
through their points of application. 

To return to onr water-wheel iUustnition. The moment, or 
turning force of tlie conplc acting on the wheel, is the pressure 
exerted by the water on the paddles multiplied by the radius (or 
distance from axle to paddle) of the wheel. If we double the 
water pressure, we double the turning force; or, if we double the 
radiuB of the wheel, the same water pressure will exert double 
the turning force. If we halve the one and double the other, the 
turning force will remain constant. 

In districts where water is scarce, the necessary raill-power id 
got by increasing the diameter of the wheels. 

To FIND THE MAQNETIt: MoMENT OF A MaGNET IN ANY POSITIOK. 

Draw the length and position of the magnet and the direction 
of the lines of force of the field, fig. 49. 

Draw lines A E, B D, through the poles A B of the magnet 



parallel to the lines of force. Draw A C perpendicular to the« 
lines. Then A C, the distance between the forces, is called tha , 
arm of the couple. 

The length A C, muUiplii^d by the strength of the pole, is the i 
moment of the magnet A B in its present position. 

The total moment of a magnet ie its moment when it-s directioD \ 
is perpendicular to the lines of force ; that is, when A C become* ' 
equal to A B. 

We know that the area of a rectangle is its length multiplied 1 
by its breadth. 

Let us now, on the line A F, mark off a length A E, propor- 
tional to the Birength of the pole, and complete the rectangle I 
A C D E. 1 

The area of this rectangle is then equal to the length A 
multiplied by the length A E, or, in other words, to the strength 
of the pole multiplied by the arm o£ the couple; that ie, the 
rectangle A C D E is proportional to the moment of the couple. 



Magnetic Moment. 
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Tlins, when we have suttW whut length on the line A F 
shall represent a utitt of ningnetic force, we have a convenieut 
method o£ fiiiiling the moment of any magnet in any 
posilion. 

The Moment of a Mao.vet is not alterkd bv cuttino it in 

PIECKS, 

Let us titke our magnet A B, and, having determined iU 
moment in any given position, cut it up and determine the 
moments of the separate pieces when they lie in the same direc- 
tion. On adding them wc shall find thoy are together equal to 
the moment of the original magnvt. 

For, let the direction of the force be aa before A F (lig. 50), and 






W 



Fig. 60. 

let the strength of the pole A be represented by the length A E, 
then, as before, A C is the arm of the couple and its moment is the 
area A C D E. Now eut the magnet into, say, three pieces, AJ, he, 
cB, and determine their moments. To do thiq draw be, ce„ in the 
direction of the force at i and c, viz. parallel to A E, and mark 
ofTon them lengths 5, e, c, tf,, to represent the strength of the poles 
i e. By our experiment (page 14S) we know that these are each 
equal to that of A, so thut the lines A E, bi e, e, e,, are all equal. 
The arms of the new couples are res|)ectiyely A i„ i, c,, c, C, and 
therefore their moments are the areas 

A bu e E, i. f, e^ e, e, C D e„ 
which added together make up the area A C D E, the moment 
of the original magnet. 
The total moment of a magnet ie the moment when it is at 
it angles to the lines of force. 

Magnetic Potential. 

The potential due to a given magnetic pole is of precisely the 

same nature as that due to an electvilicd body nt that place. The 
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whole of the chapter about electric potential (pa^ 26) may be 
applied to magnetic poles, with the following alteration: — 
( Body charged with i ( marked magnetic i 

^°' i + electricity j "■"'' i pole. / 

f Body charged with l f unmarked magnetic y 

\ — electricity J ( pole. J 

If, however, we wish to obtain the whole sj'stem of equi- 
potential surlacee Awe to a magnet, we must remember that they 
will be "symmetricul" on the two Bides of a line drawn at right 
angles tu and at the middle point of the straight line joining the 
poles. For, suppose a mugnct A B tfi he of any shape, fig. 5 1 , the 



For 



line of symmetry will be the lineC D in the (ij^ro, TV'Iien we say 
that the system will be symmetrical with regai-d to the line C D, we 
mean that, if we draw the system for one side, say the side A, and 
then place a loohicg-glass along the line C D, the reflection of 
the drawn system will ho a correct representation of the system 
on the side B. 

Corollary. — The potential along the line C D is zero (see pages 
27, 28), for the potential at any point of it is the potential due 
to two equi-distont equal poles of opposite signs. 
Magnetic iNnucTiON. 
- Tiike a short bar of soft ii 






n a I, fig, 53, of the 
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some shape as one of the moffnets and place it against one pole; 
it is attracted, and either end of it is attracted equally. 

Now bring the compound bar A b near to the compass. We 
shall find that there is hardly any attraction or rejmlsion at B, 
but that a new pole almost equal in strength but of opposite kind 
to A has been developed at b. This shows us that the end B of 
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the ste«l magnet lias induced at a a pole of opposite nature and 
olrooEt equal strength to itself. 

Tills aL-oouiite fur the attraction of the soft iron, as the pole B 
attracts the opposite pole which it has itself induced. (Compare 
|uige 7.) 

Intbnsity op Magnetization. 

Tlie Bame steel bar may be magnetized mure or less intensely. 

As a rule, if we increase the strength of the magnetizing mag- 
net, we increase the mngnetizution of the biir. In all bars there 
is, however, a certain limit, after which no amount of magnetio 
force can increase their permanent magnetism. This is called 
their "saturation point," and bars so magnetized are said to be 
magnetized to saturation. 

It is possible to super- saturate a bar with magnetism, that is, 
to temporarily give it a stronger magnetization than it can per- 
manently retain. It io then found that, al^er the inducing 
nagnetiu force is removed, the magnetic torce diminishes at a 
gradually decreasing rate until it has reached its permanent 
amount. That is, for the lirst few hours it diminishes rapidly, 
then more slowly for some dajs, and very slowly for many weeks. 
For this reason all magnets used in investigations, where the 
intensity of magnetization is uteumed constant throughout the ex* 
periments, should be magnetized at least six months beforehand. 

The removal of the super-saturating mngnetism may be hastened 
by any process which tends to allow the moK'cules to slide over 
each other. Such, for instance, as alternute cooling and heating 
in cold water, and water, say, at 150° F., gentle blows with a 
hammer, &c. 

M, Jamin" has constructed two magnets, one whose weight 
is 6 kilogrammes (about VZ lbs.), and which will support 80 
kilogrammes, or 13^ times Its own weight; another weighing 
fiO kilogrammes, which will support 5(J0. This last is by far 
the most powerlul permanent magnet which has yet been con- 
Btmcted. 

The above weights were supported after the magnets had 
Attained their permanent condition. 

Another of M. Jamin's magnets carried sixteen times its own 
I Veight immediately after being magnetized. 

• Comptaa Rtndas, 1873, T. Ixiri. p. ll.')3. 
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It is said tbat very small magnets have been constructed which 
will carry tweuty-five times their own weight. 

MAQNisric Units, — Unit Magnetio Polb. 

A unit magnetic pole is a pole which repels another unit pole 
at unit distance with unit of force. 

In the C.G.8. tgstem* it is the pole mhich rejjeU a similin- poln 
flUtanl 1 cealimelre with aJ'uTce of 1 dj/ne. 

Units, — MAOiitTic Moment. 

The unit of magnetic moment ia the moment of a magnet of unit 
length, the strength of whose pole» w eqval to «ai/j/ ; or generally 
of any magnet, the product of whose strength iufo its length is equal 
to unity . 

In the C.G.S, BVBtem the mngnet whose moment is unity is u 
magnet whose length is 1 centimetre, and the strength of whose 
poles has the unit value defined in the last paragraph. 

The magnetic moment of n magnet is the strength of one of its 
magnetic poles multiplied by the length oC its axis. That of the 
earth is equal to 

86,600,000,000,000,000,000,000,000 C.G.S, uniti. 

Index Notation. 

This is a good opportunity to give the notation now adopted 
to save writing a long list of noughts in large numbers. It 
consists in writing the first of the whole numbers followed by a 
decimal point, and then indicating that the whole number and 
decimal are to be multiplied by 10 as many times as may be 
necessary. The number of times is indicate<l by a small figure 
called the " index" above and after u lU.t 

This index gives the number of noughts in the multiplier ; and 
as only one figure is put to the left of the decimal point in the 
number, the index is also the total number of noughts and figures 
lifter the first number. 

Thus, 8.5 X 10' is known at once to be 8 followed by 6 figures, 
the first of which ie a 5 and the rest noughts. 

" pBge 49. 

t ThuB. 10^ — 10 X 10 = 100. 
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Index Notation. 

1 this syetem of notaliDD tiie earth's mngne 
htten 

8S5 X lii" 
whieh is a much moi-e convenient number both to write and read 
thun the row oi noiiffhts above. It shows that the decimal 
point is to be moved 25 fjgureB to the right. X/rn^ decimals are 
espresBcd in a similar way, only the index is written with a 
negative sign. A ne^tivc index meuns tliut the number is to 
be divided by 10 that number of times. 



Thus, 



^^^ tan 

I 



855 X lO-* 



means a de<.'imal whicb, irwritti-n in full, is 
0-0OOOOB65 
It shows ihut the decimal point is to be moved fi figui-es to 
left.* 

Units. — Intensittt of Magnetization. 

Let UB imaeine a quantity of a substance all unirormly vaag- 

tized, and let ub cut any bar out of it and determine its 
magnetic moment. 

Let ns now, leaving the section of the bar the same, double its 
length. We shall double its magnetic moment, because, leaving 
the strength of the poles the same, we have doubled the arm of 
the couple. In doubling its length we have doubled its volume. 

Again, leaving the length the same, let us double the section ; 
we have now also doubled the magnetic moment, for the strength 
of the poles has been doubled and the arm of the couple has 
remained constant. In this case also we have doubled the volume. 

So again, if we double both the length and the cross section, 
we quadruple both the moment and the volume. 

Hence we may state, — 

If from any iinifurmlg magnetizeii aub»ta»bt we cut auy piece what- 
ever, ilf magnetic moment it simply proportional to iti volume.'^ 

We can now define the unit intensity of magnetization. 

The intensity of magnetization of any uniformly magnetized 

* It maj be DoU'd that tbis iadei is aliio the index or cbaracteTistic of th« 
li^iritbm of the nunibrr. 

t We ie« thst, in fig. 50, p. 161, if we cat the OBgnet in tvo, and Iny 
the pieces side bj side, we sball bave tbe ares of tbe rectangle A C D E atill 
tlie Mine, beesnM we thall bavelialved its heigbt and duubled it* length. 
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substance is unity when a nnit of volume of the subiitBDce bns a 
magnetic moment equal to unity. 

In the CG.S. a^slem the unit of infentity of maijnet'tiation it tie 
in/entily to whici a saiifance must fie magnetized that a cviio eeu- 
limelre ofxiolHmeofit may hare a vtugitetlc moment equal to unity 
ai rlejtned above. (Pag« 154.) 

The intensity of magnetic field is the force which a unit pole 
will erperieuce when placed within it. 

A. magnetic Jield of unit iutemdy is in the CG.S. system a field 
tche.re a unit pole mil lie acted oa with a force of one dyne. 

Maximum op Pbiimanest Maonetisu. 

It is stated by Kohlrausch" that the maximum of magnetiza- 
tion which long thin steel rods can permanently retain ia about 
785 C.G.S. atilts of intenaity. 
PcLL Off A Compass Needle. 
The horizontal force of the earth's miignetism at Kew is now 
about 

-179 djne. 

That is, if a cnnifass neclle, the strength uf whose pole is unity, 
be placed E. and W., the force acting on each pole, and t«ndin^ 

to turn it to an N.S. position, will be -179. 

If the needle were one of Koblrausch's magnets, the force 
would be 

■179 X 785 = 90-4dynPs. 

The force of gravity on a gramme mass at Greenwich is about 
9S1, and therefore, if the needle were kept in the E.W. position 
by means of a cord passing over a pulley, then the weight at the 

bottom o£ the cord would have to be nTpp gramme for each pole 
in order that the earth's force might lie exactly balanced ; that 
is about -jSj- gramme for each pole and 1.8 gramme for the whole 
magnet. IS gramme is about %1 grains. 

Magnetic Soi.enoius and SMEt.t.s. 

For the purposes of mathematical calculation, actual magnets 

are often supposed to be rejilaeed by certain imaginary magnets 

• " Physical MeRsuii-menIa," Englisb Edition, p. 196. 




So/enoids and Shells— J^Iaxwell. 
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«qnal to the actual tongaets with reapeet to the points under 
observatinn, but, owing to their shape, easier to use for purposes 
of calculation. 

The imaginary magnets are eupposed to t>e made of nhat is 
colled "Imaginary magnetic matter;" that 19, of a substance 
which has magnetic properties and no otliL-rs, euiIi as weight, 
volume, &c. 

For instance, we can consider that any qunntity of this matter 
can be collected at the same mathematical point. 

Dekinitions.* 

i(i.) " A magnetic toletioid \s an infinitely tliin bar of any form 
lougitudinalty magnetized with an intensity varying in- 
versely as the area of the norma! flection [that is, the croes 
L sectioD perpendicular to the length] in dUTerent parts." 
I [When of two quantities one varies inversely as the other, 

I the product is constjint.] 
I "The constant product of the intensity of magnetization 

I into the area of the normal section is called the magnetic 
I strength, or sometimes simply the strength of the solenoid. 
B Hence the magnetic moment of any straight portion or of 
I an infinitely small portion of a curved solenoid is equal lo 
■ the product of the magnetic strength into the length of the 
' portion." 

(2.) " A number of magnetic solenoids of different lengths may 
be put together so as to constitute what is, so far ns regards 
magnetic action, equivalent to a single infinitely thin bar 
of any form longitudinally mngnetizcd with an intensity 
varying arbitrarily from one end of the bar to the other. 
Hence such a magnet may be called a complex magnetic 
solenoid. 

"The magnetic strength of a complex solenoid is not 
uniform, but varies from one part to another," 
(3.) "An infinitely thin closed ring magnetized in the man- 
ner descrilied in (1) is called a. closed magnetic solenoid." — 
(Tliomson.) 
Now it can be shown mathematically that the potential due to 

• See Profesaor J. Clerk Mnxwell, Weftricily. vol. ii, cbap. iii., and Sir 
W. Tbntimin, Mathenatii-nl Tkeort of Magnetiim, Paperi on Eieetro- 
tlafie* and ifagvetitm, oliap- v, p. 378. 
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a Bimple sok-iioid, and comeqnently all iU mogitefic ffffech, depend 
only on its strength and the positions of its ends, and Dot at all 
on its form, whether etraio-ht or curved, between the ends. 

That is, that a sok-noid* can be considered as eonsisting of two 
equal portions of mngnetio matter collected at the points where 
its ends are, and connected by a perfectly rigid non-magnetic bar 
without weight. 

Now if a solenoid forms a closed curve, the potential due to it' 
is zero at every point, for we have shown that there is no action 
due to any part except the poles, and here the poles exactly 
neutmlize each other. 

Magnetic Shells, — Dekinition. 

" If a thin shell of magnetic matter in magnetized in a direc- 
tion everywhere normal [i)eqiendiculur] to its surface, the 
intensity of the magnetization at any place multiplied by the 
thickness of the shell at that place is called the strength of the 
magnetic shell ut that place. If tlie strength of the shell 
is everywhere eijual, it is called a simple magnetic shell; if it 
varies from point to poiut, it may be cousidered to be made up of 
a number f of simple shells [of different areas] superposed and 
overlapping Ciich other. It is therefore called a Compli 
magnetic shell." (Maxwell.) 

It can he proved mathematically that 

The potential due to a magnetic shell at aai/ point is the product <^_ 

it* tlrenglh into the aolid angle siibteniled by it) edge at the given poitUt 

SOMD Anole. 

The plane angle subtended by a length at a point is, i 
know, the angle between 
two lines drawn from the 
point to the extremities of 
the length, and this may 
be measured by describing 
a circle of unit radius round 
the point (fig. 531. *'"^ i\^en the part of the circumference cut 
off betvveen tlie lines is the angle required, 

• When a " solenoiul " is Bpoltcn of, a " simple solenoid " \» meant, unlMS 
tbe contrary is stated. 

t When a magnetic shell is epuken of, a simple singnetii^ shell in inMui^ 
unlets the rontrary is stuted. 
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"We sec that if either the length increases or the point a\i- 
proachea nearer, the jinfrle tlnis measored increases, and thiit it 
decreases if the length diminishey or the distance increases. 

The definition of solid angle is analogous. The solid angle 
siihteDded at a point hy the area bounded by any closed curve is 
thoB measured : — Draw straight lines from all parts of the boun- 
dary curve to the point. These lines will then form a cone (fig. 
54). Now, with the point for centre, describe a sphere o£ unit 
radius. The straight lines passing throuifh its surface will mark 
ontacurveon it more or less similar to the given boundary curve. 
The area of this earce it the loUil aui/ie tnbtendeii at the point by 
Iheijtveii area. 
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^'e see, if we increase the area, the lines will widen out, and 
refore the solid angle increases, or, if we bring the point nearer, 
' the solid angle increases. 

As an illustration, let us place a candle at the point and a 
large screen at a fised distance from it. For trying the experi- 
ment aecurately, the screen would have to be a hollow B]>here, but 
a flat one is quite sufficient for purposes of illustration. If no- 
tiling interposes, the whole of the light falls on the screen. I£ a 
]iiece of card is interposed, the light is divided between tiio card and 
the screen, and the size of the shadow of the card measures the 
quantity of light received by the card. The quantity of light re- 
ceived by the card — that is, the size of the shadow on tlie screen — 
ia proportional to the solid angle subtended by the card at the 
point where the light is. It will be seen that a larger card in- 
jFOnascfl the size of the shadow, or that moving the same card 
rer the light has the same effect. 
' Again, if the card he turned more or less edgeways to the 
, the shadow will be diminished or increased as the solid 
igle diminishes and i: 
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KxPSRtUENTAL DbTBBKINATION OF THE LlJJES flK MAOl^mO 

Force. 

The directions of the forces emnnating from » magnet are, like 
the electric forces, always perpendicular to the eqiiipotent^'al BUr- 
f»ces. The following is a. method of tracing these linea of force \ 
directly. 

Tuke a board of the same or greater thickness than the n 
and let the oingnet into it bo that its upper side is flush with ti 
upper surface of the hoard. 

Lay a piece of !<mooth paper over all and hx it. 

Now with a sieve or "coiander" dust tine iron filings all ovei 
the paper. 

As each falls near the magnet, it is magnetized by indudi 
and turns round so as to lay its longest diameter in the li 
force at that point. 

Each of these minute magnets attracts the nest till a contini]Qn| 
chain is formed oil along each of the lines of force. The board 
must be topped from time to time to overcome the friction of ti 
filings on the paper. 

If it he desired to preserve the curves, a piece of card w 
under side gummed may be laid upon them. "When the \ 
dry, the filings stick to the can!. The magnet may be pla 
under a piece of glass instead of paj>er if pi-eferred, in which ( 
it will not he necessary to let it into a board. 

A good way to prepare these curves for exhibition in a i 
lantern is to coat a piece of glass with some transparent & 
which melts on being heated. When it is quite hard, a magnet 
must be placed under the gla^, and the filings dusted on. ^e 
glass must then he earcfully carried to an oven, warmed till the 
cement is soft, when the filings will sink in. On removing tfas 
glass and allowing it to get cold, the filings will be alt fixed ia J 
position. 

Plate XI. ifi an engraving of the actual tines of force dete 
mined by Faraday for different magnets. 
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* Tbe cement Bold uoder the name o£ " 
uittj- bo Uilutud wilh water fur tlio purpose. 
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CHAPTER XIII. 



TEttEBSTllIAL lIAOHK'nSK 

Intuoductouv. 

It a magnet be balanced on a vertical pivot so that it ia free to 
' move in a horizontal plane, like a compass needle, it will take np 
a determiDate position. The marked end points towards the 
Dorth, Again, if a st«el bar be exactly balanced on a horizontal 
aiis and then magnetized, it will be found that it no longer 
balances in a horizontal position, but that (in the noithern 
hemisphere) the marked end ti//}s, the dip being least when the 
Deedle is in that position which it would have taken up if free to 
move in a horizontal plane. 

The whole direction of the magnetic force may be seen at once 
by suRpending a knitting needle by a fine thread attached to its 
middle, so that when unmagnetized it balances in a horizontal 
position. If now magnetized it will turn till the marked end 
points northwards and downwards (not vertically but at acertain 
Angle) and there rest. 

In ditfercnt localities, or at dilferent times in the same locality, 
Cmch s needle does not always He in the same direction. 

It does not in general point due north. 

The angle which the marked end* makes with a horizontal 
plane is called the "Inclination" or "Dip." The angle which that 
; of a verticnl plane through the needle which contains the 
ppurked end makes with a line drawn due north from the centre 
f the needle is called the " Declination." Nautical men also caU 
Ais angle the " Variation." We shall, however, use the word De- 
^Dfltion for the above-mentioned angle, and confine the word 
Variation to changes in that angle. 

Tiiis angle is of coarse the same as that which the direction of 

* Tl ' marked end ia ipeci&ed tti aroid ambi^iity about + or — anglef. 
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an ordinary horizontal compass needle makes with the diret^tion 
of true north. 

Thus to obtain the tme bearings of an object from the compass 
it is necessary to allow for the declination " of the place at the 
time of observation. This will be found by referring to the 
Nautical Almanac. The present declination at Greenwich ia 
about 18° W., that is, the marked end of the needle points IS" 
West of North. 

EaSLY ObSEUVATIONS — DECLISiTION. 

The declination is believed to have been first noticed in Europe 
by one Peter Adsigerf in 1^69; he found it to be then 5" E. 
The authenticity of the letter on which his claims rest ie, how- 
ever, very doubtful, and Huml>oldt considered that the first 
discovery of it was made byColumbus on September l.^th, ItSi, 

■Whether Columbus was or was not the first to observe the 
existence of the declination, there is no doubt that he was the first 
European who observed that the declination itself varied, and was 
different atdifferenttimesnnd places. It was, however, known to 
the Chinese in the beginning of the twelfth century. 

The first known work for the use of seamen was by Soroughs, 
Comptroller of the Navy to Queen Elizabeth. It was published in 
1581 and reprinted in 1585, It is called 

" A diteoKnt o% the variafion of the Cumpai or MaynelicaU 
^Mille," and is dedicated bo " tie (racaiilert, tea-men and marinert 
of England." 

Boroughs found that the declination of the needle was, at 
LimehouBc, on October 16th, 1580, equal to 1 1° IS' E. 

In the year 1622 ProfesBOTs Gellibraod and Gnnter determined 
to repeat Borougha's observations at Limehonse. They found that 
the declination was then only 6° 15', and Borougbs's reputation 
sufl'ered, as he was believed to have made a mistake of nearly 
60 per cent. 

In 103+, the two Professors having obtained new and improved 

* In uainx n pocket mariner'B comiiasa, before iillowing Tor declination. It 
IB nell to loiik at the nnder side of the curd, as fluch instiiiinpnts are oft«n 
eorrifcted forGreeiiwicIi by filing the matiiel at an angle of la" to the N.8. 
line on the card, i.e., N.N.W. and S.S.E. nearly. 

t Ttrrestrial and Cosmital Maffnelism, by E. Wiilker. M.A. (Adama 
Priie EgBuy, 1865). The whole of the early history of the declinat' 
obapter it taken fnim this wcftU. 
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instrnments, iletermineil to give BorougWs wpiitntion nnotlier 
chance, aud to repeat their oliaer vat ions. Tliis they did, aud 
found thut the dwli nation was now only 4" 4' 49" E. 

Professor Geltibrund concludes his essay as follows 1 * — 

"It wereiieedlusse having so many siitlicient testimouies to pro- 
duoeany more. . . . Hence we may conclude that for the space of 54 
years {the difference of time between Mr Boron^fhs's and these 
last observutiuus of out's) tiiere hath beenc a sensible diminution 
of 7' and better." 

Mr. Walker gnes on to say — 

" From this period then the fact of the secular variation of tlie 
declinatton may be conxtd^red to be completely established, and 
the determination of the extent and the law of this variation be- 
came a recognized part of nil magnetic invcstigntion. 

"From recorded obscrvatiuna we find that this diminution in 
the easterly declination which was called into notice by Gelli- 
brand still continued, and that in 1660 or thereabouts the 
declinatioQ in London vanished, i. e. the magnetic needle pointed 
due N. and S. After this it [the marked end] began to deviate 
to the W., and this westerly declination went on increasing till it 
reached its maximum about the year 181y, when it attained the 
value of 24° 30' W, Since that time it has been decreasing, that 
is, the eeciitar variation is now easterly." 

Tub Incun4tiok. 

Thb Dip ou Inclination was discovered accidentally in 157(i, 
by one Norman, an instrument maker. He published an account 
of it in a work which ho called " The New Attractive," and from 
whi«b Mr. Walker has extracted the following paragraph:! — 

" Having made many and diverse compasses, and using alwaies 
to finish and end tliem before I touched the needle, I found con- 
tiniiallie that, after I had touched the yrons with the stone, that 
presentlic the North point thereof would bend or decline down- 
wards under the horizon in some quautitie ; insomuch that to the 
flie of tiie compass, which was belbro Icvell, I was still con- 
strained to put some small picco of ware on the south point and 
make it equall againe. Which effect having many times passed 
my hnndes without anie great regard thereunto, as ignorant of 

• Wdlker, Ibid., p. 15. 
t Walker, Ibid., p. 146. 
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anie such propertie in the stone, and not before having heard op ■ 
read of anie such raatt«r, it chsiunced at length there came to my I 
hiinds an iiisLrument to be made with a needle of Bixe inches Ioq^, I 
which needle alter I hud pollished, cut of a just length and made J 
it stand levell upon the pin, so that notlung rested htit onlie the \ 
touching it with the stone, when I had touched tlie name, pre- 
sentlie the North part thereof declined down in such sort that 
bein^ constrained to cut awaie some of that part to make it equall 
againe, in the end I cut it too short, and so spoiled the needle 
wherein I hud taken bo mm;h pains. Hereby being atroken into 
some eholur I npplied myself to seeke fuvther into this effect, and 
making certain e learned and exjwrt men, my friends, acquainted in 
this matter, they advised me to frame some instrument to make ■ 
some exact triall how much the needle touched with the stone 
would decline, or what greater angle it would make with the' 
plaine of tlie horizon. 

" Whereupon I made diligent proofee, the manner whereof is 
showed ill the chapter following: — 

" Take a small needle ol' steele wier of five or six inches long,- 
the smaller and the finer mettall the better, and in the middlft 
thereof (crosse the same) by the beat means you can, fixe as it werft 
a small axel tree of yron or brasse of an inch long or thereabout 
andmaketheends thereof veriesharpe, whereupon the needle may 
hang levell and plaic at his pleasure. Then provide around plaiu 
instrument like an asti-olobe, to be divided exactlie into 160 (?) 
parts whose diameter must be the length of the needle, or there-' 
ahout, and the same instrament to bee placed uppon a foote of 
convenient height, with a plumme line to set it perpendicular. 
Then in the centre of the same instrument place a piece of glat 
hollowed, and against the same centre uppon some plate of bras 
that may he fixed upon the foote of the insfrument, fit another J 
piece of glnsse in such sort that the sharpe endes of the axel tree-^ 
heing borne in these two glasses, the needle may plaie freelie I 
at his pleasure according to the standing of the instrument; and I 
the needle must lie so perfected that it may hang upon bia 
axel tree, both eiidcs ieveJI with the horizon, or being tamed 
may stand and remuine at anie place that it shall be set; 
which being done touch the eayd needle with the magnet 
stone, and aet the instrument perpendicular by the \ 
line, and tnrne the edge Sout'u and North so as the i 
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may stand duelie according to the variation of the place: 
which variation the needle of his own propertie would shewe, 
were it not that he is constrained to the coutrarie by the axel 
tree. 

'* Then shall you see the declination of the North point of the 
touched needle^ which for this citie of London I find by exact 
observations to be 71° 6()V' 

It was soon found that the dip is not the same in all places 
or at all times ; that it is subject to variations in the same way 
as the declination is. 

Thk Magnrtic Equator. 

Generally speaking, the needle is nearly horizontal at the 
equator. The points where it is exactly horizontal form an irre- 
gular curved line near the equator, and at the north of this line 
the marked end dips, at the south the plain end. This line is 
called the magnetic equator. As we approach either pole the 
needle becomes more and more nearly vertical, and at certain 
points in each hemisphere it stands exactly vertical. 

The Intensity. 

The intensity of the earth^s magnetic force is also different at 
different times and places. 

The first attempt at systematic observation of it was made by 
tte French Government in 1785. The expedition they sent out 
consisted of two frigates, L'Antrolobe, Capt. De Langle, and 
Jja Bov^iole, Capt. De La Perouse, commander-in-chief of the 
expedition. Letters dated Botany Bay, 1788, were received, and 
^fter that date nothing more was ever heard of the expedition. 
!It is supposed that the ships were lost with all on board. 

M. Fanl de Lamanon, who accompanied the expedition, dis- 
covered that the force was less in the tropics than towards the 
^oles; but the first systematic observations were those of Hum- 
V>oldt, made during his travels in America between 1798 and 
1803.* 

• Walker, Ibid., p. 183. 
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CHAPTER SIV. 

TERRESXaiAL MAONETISH. — MODtRN EXPEBIUENTAI, UETBODS. 

We ehail now describe the methods u^ed in rqoderD observa' 
tones for continuous observation and registration of the thr« 
quantities — 

Det;liuation, 

Inclination, 

Intensity. 
There are in practice four quantities to be determined, as tlio 
intensity of the force is always resolved in two directions at right 
angles to each other, und observations arc made on 

Horizontal Intensity, and 

Vertical Intensity. 
Of the three quantities, inclination, horizontal force, and ver- 
tical force, it is, however, only necessary to obser\e two, as when 
any two are known the third can be calculated. In survey work 
the inclination and the horizontal force are observed and the 
vertical force calculated. In oliservations where self-recording 
instruments are used, the vertical and horizontal force are ob- 
served and the inclination calculated. 

Instrtjmknts, 

The Unifilar Maob'etomf.tkr, Kew pATrEEM. 

Plates XII. and XIH. 

This instrument is used 

For determining the absolute horizontal force — 
By observations of delleetion. 
By observations of vibrution. And 
For determiuinij the declir»ation, that is, the angle between 
tlie astronomical muridiun anu the direction of the earth's mag- 
netic force. 



The Unifilar Magnetometer. 

DETBaMINATION O? HOKIZONTAL FOUCE. 
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Plate XII. shows the instrunient arratiged for deflection ob- 
servations. 

PInte XIII. ahowH it arranged Tor observatione of vibration. 

We will immediately describe the experimental methods of de- 
Lerrotning the time of vibration aecurately, and of making 
deOection observntions ; but we will firet show how the value of 
the horizontal force can be determined by r combination of the 
observations of deflection and vibration. 

Vibration Rrperimenl*. — It can be proved that, if a suspended 
or pivoted magnet be allowed to swing in a horizontal plane 
under the influence of the earth's force, tXm proilucl of the earth's 
horizontal furce into the mag^nctic moment of the magnet will 
be inversely as the square of the time of a vibration. The 
magnetic moment of a magnet is, as we know, its length multi- 
plied by the strength of one of its poles. 

Deflection Experim^nla. — If a suspended magnet be deflected 
by another magnet, the amount of deflection will depend on the 
ratio of the earth's horizontal force to the moment of the deflect- 
ing magnet. 

In the observations which we are about to describe, the same 
magnet is vibrated, and is nsed as a deflector. 

Let H be the horizontal force, m the magnetic moment of the 
deHecting and vibrating magnet K. These are unknown quan- 
tities to bo determined. From the observations of deflection we 
can calculate the ratio of H to in ; that is, if we put 

"-A 



A is a known quantity. 

Prom the vibration observations we know the product of II mid 
»; that is, if we put 

H m = B, 
B is a known quantity. 

But if A and B are both known their produi^t A B is i[lso 
known. 

Hence we have 



U « 



= AB 
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Canuelliiig, we have 
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HI" = A B. 



H =VXB, 
that IB, the horizontiil component of" the earth's magnetism 
e<]ualB the square root of the product of the two quantities deter- 
mined respectively by observations of deflection and vibration. 
Similarly, if we wieh to determine m, we have 
H «. _ B , 
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When we know m we cau determine H nt ditferent times and 
places by observations of deHection only ; so that it is only 
necfssary to make the vibration observations at the beginning of 
a survey. It is better, however, to repeat them whenever there 
is a convenient opportunity, so as to guard against the intro- 
duction of error by accidental changes iu the strength of the 
magnet. 

Observations of Deflection. 

Plate XII. shows the instrument arranged for deflection 
observations. 

The instrument, when in use, is supported on a tripod stand 
similar to that used byphotographers, three radial V grooves carry- 
ing the three levelling screws which form the feet of the instru- 
ment. The magnet G is suspended by some fibres of unspun 
silk C to a torsion bead, and rack apparatus F, by which latter 
it can be raised and towered. 

Before suspending the magnet a circular brass plummet (E, 
Plate Xin.) of the same weight as the magnet is suspended for 
a cousiderable time to the thread and spins round under the inilu- 
ence of the torsion till that is eliminated. The plummet is then 
removed from its socket and the magnet attached instead, the 
socket being meanwhile held so that it may not twist and intro- 
duce fresh torsion. 

A graduated brass bar, D, carries on a carriage, L, the deQect- 
ing magnet, K. Before K is put into position the azimul 
suspended magnet is observed. K then causes a deflection. 
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BtrcQgtli ofK is coHEtaiit aD<l known, and it acta against the earth's 
.borizoDtnl force, which is variahle. The amount of dollectiou is 
then a measure of the tttrth'a horizontal force; when the force 
is great tlie deBection is small, when it is small the deflection is 
great. 

The amount of di'Aection is oheerved hy a modification of the 
mirror method already dencrihed.* 

This modification consiGts in substituting for the concave 
mirror a plane mirror, H, and Rir the lamp a t«Ie8cope, A, to 
which the senle B is (ixed. On looking into the telescope part 
of the scale B is swn by reflection in the mirror. If the magnet 
is deflected the mirror turns with it and a dilTurent portion of the 
scale appears iu the field of vienr. The eye-piece of the telescope 
is furnished with a vertical Gpider hne, which enables the exact 
deflection to be measured; for the difference of two readings of 
the divisions of tlie scale crossed by the spider line gives the 
number of scale divisions corresponding to the deflection of the 
needle which has taken place Wtween the readings. 

HelaiU a* to the v*e of lie IntlrumeiU. — It is first carefully 
levelled, and then, the deflecting magnet K being removed, the 
whole apparatus is turned on a vertical pivot (the end of which 
can be seen under the base) until the redection of the centre 
of the scale B ci-mes upon the spider lines in A. This is to ensure 
that the bar D shall be at right angles to the direction of the 
magnet. The apparatus is then clamped by means of the vertical 
screw M, and, if necessary, a fine adjustment is made hy the 
horizontal tangent screw below Al. The magnet K is then put on 
its carnage L, and slid along the bar to a given distance from 
the suspended magnet. 

The deflection is then read. 

The magnet K. is then placed at an equal distance on the other 
side of the suspended magnet, and the deflection in the opposite 
direction observed. This eliminates any inaccuracy in the first 
adjustment of the instrument, as the second observation would, 
by such inaccuracy, he made us much too small as the first is 
too great, and vice versa. When time iwrmits, several pairs of 
observations at different distances are made. 

Observations ore also made with the deflecting magnet K 
m the same position but with its direction reversed. 
• See Part I., p. 38. 
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From these oliservations we get, by a mnthematical proceee, 
the ratio of the magnetic strength of the mag'net K to the hori- 
zontal force of the earth. 

In all the obBcrvationH wooden shutters are inserted to protect 
the suspended magnet from currents of air. 

The strength of the deflecting magnet K decreases as the tem- 
perature rises. The temperature must therefore be observed, the 
correction calculated, and the results of tlie observations all re- 
duced to a uniform temperature. 

The strength of the suspended magnet does not enter into the 
calculation, for any alteration in it would affect equally the 
earth's attraction and that of the deflecting magnet." 

OUSEUV.^TIONS OK VlBRATION-t 

The arrangement of Plate Xll. nw^ be used, the deflecting ma{f- 
net being suspended in place of the former suspended magnet. A 
conspicuous point being marked at the zero of the scale, the time 
of a half-vibration is the interval between two successive passages 
of this point, as seen by reflection in the mirror across the spider 
line of the telescope. 

This method is often used in determining times of vibration 
with other kinds of apparatus. With the Kew n 
is however preferred to make the vibration observations with 
the modification of the above arrnngement, which is shown 
in Plate XIII. 

For this purpose the telescope and scale, deflecting bar, and 
torsion apparatus are removed, and another telescope B, torsioa 
apparatus D F H, and magnet boic A are substitutid, as shown 
in Plate XIII. 

The magnet which is suspended is the same magnet as is 
marked K iu Plate XII., and there used as a deflector. It consists 
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of ft magnetized steel tube, tig. 55, at one end of which is fiat 
glass, on which a minute suale is photographed, and nt the other 

• Part III.. Chapter XLX. 
t See Moswells Sleelrieily, Art. 4S6, vol. 
aal Initruclioiit for Maytulie Surveyi, p 
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is a u>)limatiug leos, that is, a lens eiich that niys diw rtrin-; troni 
the scale at one end of tlie mnffiK-t, and fiilliii^ on the lens at the 
other are rendered purullel. The eircle is now turned till the 
vertical spider line oC the telescope B cuts the middle division of 
the scale of the moyinct as the tt^lesi-ope looks into and through 
tlie magnet. 

The mai^net, being set swinging;, the a|)proximate time of a 
huif-vihration is roughly determined by sim|ile observation. By 
the time of a whole vihratioa is meant the interval between two 
successive passages of the zero point (it (he Bitme i/iree/io» over 
the spider line. By the time of a hall'-vibralii)n is meant the 
interval between two consecutive passages; the consecutive pas- 
sages being, of course, in opposite directions. In some French 
books the luttcr, which in Kngtand is culled a hnlf-ribratioD, 
is spoken of as a vibralion. 

The time of a half-vibrution will be, witli the magnets usually 
supplied, from 2 to 4 seconds. 

A clock beating seconds being placed where it can be seen and 
where the beats can he heard, the time at which the observer 
rerooves his eye from the clock is called out and written down 
by an assistant; the observer gi>eB on counting hy ear from the 
time when he looks away from the clock, and looking through 
the telescope notes between whieh beats the centre of the scale 
crosses the spider line. The fruct ions of a second are determined 
hy estimation and observation of the scale. If, fur instance, at 
(he beat before the passage the spider line was 5 divisions to 
the lea of the zero, and at the beat after it, il) to the right of 
the zero, we should know that the passage had occurred -j*^ or -^ 
of fl second after the first heat. 

The observer must choose an odd number of half -vibrations, 
such that the interval consists of from 12 to 20 seconds, giving 
time enough to look at the clock and get a fresh start for 
counting by ear. The number of half-vihnitions chosen must 
be odd, in order that alternate passages to right and left may be 
observed. 

Suppose, for instance, it is decided to observe every 7th pas- 
sage. It is not necessary to count all the 7th passages, but the 
approximate time of vibration being known the time at which, 
eay 11, 7th passages may he expectetl, starting from an even 
minnte, sliould be written down and placed conspicuously in front 
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of the observer. This is merely a. convenient plan to ensnre the 
right passage being read in each case. 

The observer then waits till a passage occurs at or near an 
even minute, and begins to observe altemutfily the passages in 
Ihe two directions, which occur most nearly at the times written 
iu the list before him. 

For convenience of writing down, passages in one direction 
chosen arbitrarily are called +, and those in the other dire 
tion — . 

They are called out and written down by an assistant in two 
columns, the + passages on one aide and the — passages on 
the other. 

For a reason which will be seen immediately the set must e 
elude with a passage of the same sign as that with which i 
began, so that if, for instance, we begin with a + passage and I 
take 5 — passages there will be 6 + passages. Suppose, now, 
there are 6 + and 5 — reiidings, the mean of all the — readings 
should be obviously e(|ual to the middle reading. The object , 
of having 5 is to ensure gieater accuracy. The mean of tbe^ 
negative readings is written down us 

'Time of mean middle negative passage from — obeerv^j 
tions, h. m, s' 

But also the mean of the 6 -*- oliservations should give tlri 
time of middle negatice passage; for if they are divided into pain^ 
1 : 6, •! : 5, 3 : 4, the iirst member of each pair is as mud) 
before the middle — passage as the second is after it. 

Their mean is then written down, 

'Time of mean middle negative passage from + observa- 
tions, h. m. s.' 

The agreement of these two means is a test of the goodneM 
of the observation. Their mean is written down, 
' True time of middle negative passage, h. 

The magnet is new left to itself for a period of between 200 
and aOO half-vibrations, and then a second "true time of meas 
middle negative passage" is determined by 1 1 obserrationB^ 
6 + and 5 — , exactly similar to the firet set. The interval 
between the two middle — passages is now determined by buIm 
trading one time from the other, and written down, 

' Interval between mean middle negative paesa^ of set I. 
and ditto of set II,, m. s.' 



Vibration Observations. 173 

The time of a hair-vibration is again determined by taking the 
means ofaeveral intervals, taken at random in either set; or better, 
picked out from those observations in which the observer fecla 
most contidenoe. This is written down, 

' Time of half-vibralion, 2nd approximation, seconds.' 

It is obvious that there must have been an even wAale itumicr 
c<( 'passages between tlie middle negative passa^ee of sets I, and II. 

The interval between them is divided by the 2nd approxima- 
tion to the time of a half- vibration. The nearest even whole 
number to the quotient is the number of hali-vibrations between 
the mean middle negative passages of sets I. and II. 

This interval being then divided by this even whole number, 
the quotient is the 3rd approximation to the time of n hnlt-vibra- 
tion and is written down, 

'True actual time of half-vibration = seconds." 
This, however, is not quite what is wanted ; we do not want to 
know the actual time of a vibration, but what the time would 
have been if all disturbing causes had been removed, and the 
ma^et had been at the standard temperature. f 

The temperature must be observed at the beginning and end 
of each set. In Plate XIII. a thermometer C is shown attached 
to the magnet box. 

Corrections. 

In the vibration observations a correction has to be applied 
foi-- 

Cloei Tate. — If the clock is gaining or losing the beats are not 
exactly seconds ; the correction to be applied is, if * be the num- 
ber of seconds lost or gained in a day, 

True tL-ae = oba, time x —ooi^~ 

where « is + for gain, — for loss. 86,400 is the number of seconds 
in a day. 

In the deileetion observations corrections have to be applied 
for— 

Expansion, and error of graduation of bar D. 

Distribution of magnetism on suspended and deflecting mag- 
nets. 

* To ninke Ibis line a. correct statement fur " cccoudit." rend " clock beatri.'' 

t It a of DO importance nbat temperatare is cliosen tu the Btanilard, as 
long oa it ia the laniQ lor the wliok Buries of ubiiervBtioiiK. 
13 
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Alteration of tlic same by mutual induction of tlie magnets. 
Variation of distance and direction with angle of deflection. 
In both observations corrections have to be applied for — 
Temperature. — The effect of temperature on the moment of the 
magnet is determined by separate observations, and the diminu- 
tion for each degree throufrh which the temperature increases is 
observed. The correction is not constant at all temperatures. A 
formula, which has been found by experiment to be approxi- 
mately true, is as follows :— 



If < be the observed tcmperati 
temperature, 

MugnRtic inomi>nt at t. ^ ('■nag. ii 
and q and q are nnmbei-s whii'h 



ind /, the adopted ;<tau(Iard'd 



.. at [!{(.-() + a' ('.-()']. 
e constant for the same mag- 



net, but different for different magnets. They must both be 
determined separately for each magnet by experiment. 

Any fhcreaie in the magnetic moment causes a corresponding 
%nei-ea»e in the square o/"tlie time of vibration, so the atx>ve cor- 
rection mnst be applied to the square of the time of vibration in 
the inverse direction. 

TurtioH. — The torsional force of the suspending thread de- 
creases the time of vibration, and has to be corrected for. 

The torsion head being turned SIO" alternately in tlie two direct 
tions, the mean of the deHections produced is called u. 

The magnetic directive foi-ce is Hm, and if T be the force i 
torsion the ratio of the force of torsion to the magnetic force is 

T H 

where u equals the angle through which the magnet is deflected 
by a twist of 90° in the thread, 

Also, a correction has to be applied for the moment of ior 
ertia and arc of vibration of the magnet. 

Specimen Observations, 

Ag a specimen of these kinds of observations, the author hei 
inserts some extracts from the details of a comparison of mag 
netic force at his laboratory, and at Kew.* 

The same magnet was vibrated at Kew Observatory and n 
the author's laboratory at Pixholme, Dorking, 

From some preliminary experiments the approximate time of . 
• Phii. Tran.., 1877. page 22. 
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balf-vibration at Pixholme was found to be 8*693 sec. Five 
different doable sets of observations were taken. 

The following are the details of set (1), Parts I. and II. £very 
seventh passage was observed : — 

PART I. 
April 23, 187G, p.m.— Mean temp. 13-9° C. 



PiMaiTMin (i 


>) direction. 




In (-) direction. 


hr. m. 


MC. 


hr. 


m. 


•eo. 


6 22 


3i 
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22 


29 


G 22 


55 
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23 


20i 


G 23 


4Gi 
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12i 


G 24 


38i 
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25 
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6 2o 


30 
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25 


5G 


G 26 


21 i 








Mean 6 21 


12458 


G 


24 


12-.100 



Time of middle negative paM8a(;o. 

hr. m. Bee. 

Frora(+)ob8 6 24 12'458 

From (— ) obs G 24 12-44>> 



Mean 
PART II. 



G 24 12429 



Pansaget in (+) direction, 
br. m. •CO. 

3» 



G 
G 
6 
G 
o 
G 



39 
40 
41 
42 
43 



2 

53^ 

45i 

37 

2Si 

20| 



Mean G 41 



11-83 



In (-) direction. 


hr. m. 


Bee. 


6 39 


28 


G 40 


104 


G 41 


Hi 


G 42 


3 


6 42 


5tJ 


G 41 


11 -26 



18 



Time of middle ne<;ative passage. 

br. m. sec. 

From (+) obs C 41 1183 

From (— ) obs 6 41 1126 

Mean G 41 11-545 

Interval between mean negative passage I. 

and „ „ II. 

16 min. 69*251 sec. = 1019 251 sec. 
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If we divide this by 3'C93, tlie approximate peiioJ of a hnlf- 
vibratioD, tbe neareBt even whole number to the quotient will be 
the number of paasag'es in the time. Dividing by 3'69S wc 
obtain the quotient 27o99 which gives 276 hnl I- vibrations in 
the time. 

Dividing 1019'25 sec. by 278 we obtain for the uncorrected 
time of one half- vibration 3-6929 sec. 

This and the other four sets being corrected gave the times of 
viJ>ration at Pixholme on certain dates. The times of vibration 
at Kew were determined on certain other dates. Also the ratio 
between the magnetic force at Kew, on the dates of the Pixholme 
and on the dat«s of the Kew observations is known from the J 
records of the bid 

We assume that the ratio of the magnetic force at Fixholmft| 
and Kew at the same time is constant. 
' Then we have 

(Hor. Force at Plxlioliir. 



Ratio Bt any time of | ir"^; 



(Sq. of vibr. 
tiiiio at Keiv) 



Kew. 
Hor. Pnree iit Kew at tiuio-, 
of Kfw viliriition 



(Vibr. time atKewl' 



lli 



[or. Foitw at Kew 
of PiiLolme Tibratioi 
Hor. Force at Kew at time of Kew vibr. 
Eew at time of Piihoimi 



(Vibr. 

Wesee that if the same magnet could have been vibratedat 
same time at Kew and I'ixholme, the ratio would have 
expressed by the first term only of tliis product. 

A magnet of the size usually supplied will swing for nearly an 
hour between the times when the ares of vibration are too large 
and too small for observation, 
Obsbbvations or Declination with the U!m'iL.\ii Maqneto-i 

METER. 

For determining the declination, that Js, the angle between the 
astronomical and magnetic meridians of a place at any time, the 
same arrangement (Plate XIII.) of the inatrument is used as for 
vibration observations. N is a little plane miiror called the transit 
mirror, by reflection in which the sun can be seen in the telescope. 
"Theref are three adjustments required for the transit mirror. 



\ 



• Page 190. 

t Admiralty lualructions for Magnetic Surve 
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^'Ist. The axle to which the mirror is attached must be hori- 
zontal. This adjustment is performed by means of a riding-level. 

" 2nd. The mirror must 1)e parallel to the axis of the cylindrical 
axle to which it is attached. This adjustment is made by means 
of a screw at the back of the mirror, as follows : — Turn the circle 
so that any well-defined object sufficiently elevated can be 
reflected into the telescope. Bisect the object by the wire of the 
telescope; reverse the axis, and observe whether the object 
remains bisected by the wire; if not, by the adjusting screw alter 
the inclination of the mirror until it is half the distance from the 
wire. Reverse again and again, until the object remains 
bisected before and after reversal of the axis. 

" 3rd. The line of collimation of the telescope must be perpen- 
dicular to the axis. Having made the first two adjustments, this 
adjustment may be made thus: — Suspend a plumb-line of some 
length in a sheltered position, or, if possible, within a house (the 
weight should swing in water to prevent oscillation). Turn the 
circle until the wire bisects the plumb-line, as seen directly ; read 
the circle and turn it through exactly 180°. Observe whether 
the upper part of the plumb-line, when reflected into the telescope, 
coincides with the wire; if not, the adjusting screws must be 
moved until it does. In this operation it will be necessary to 
remove the magnet-box and suspension -tube. When this adjust- 
ment is completed, the adjusting screws ought to be fixed as 
tightly as possible. 

" In the instruments most recently constructed, the telescope is 
furnished with n collimating eye-piece, by which, when the plane 
of the transit-mirror is vertical, the image of the wire of the 
telescope will be seen by reflection from it. By means of the pro- 
per adjusting screws, both the second and third adjustments may 
be effected by making the wire seen directly, coincide with its 
image seen by reflection before and after reversal of the transit 
axis. Both these adjustments can thus be readily verified before 
each observation.'' 

Determination of the Astronomical Meridian. 

In using the instrument — 

1st. The magnet must be raised by the rack- work, so that the 
transit mirror can be seen in the telescope through the glass 
windows in the end of the box. 
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Then the whole upper part of the instrument is turned "in 
azimuth" (that is, round the vertical axis) and the transit mirror 
in altitude (that is, round its horizontal axis) till the stin is Ee< 
in the telescope just to the east of the cross wires. The circle 
now elampedand the times at which both limbs of the sun pass the 
cross wires are noted with a chronometer. The verniers are read by 
means of the microscopes. Then, to eliminate any error in the ad- 
justment of the transit mirror, it must be reversed in its bearingfl 
and the observations of the sunrepeatcdand the time again noted. 

l-Vom these observations and a knowledge of the time at the 
place, the latitude and the approximate longitude, the direction 



^* 



of the astronomical meridian can be found by trigonoraetrieal 
calculation.* 

DETEaMINATION OF THE MaO.VETIC MeRIDIAN. 

The magnet is now lowered and observed by means of ths 
telescope, the cirele bein^ turned till the telescope is approxu 
mately in the line of the magnetic meridian. The circle is theq 
clamped and turned by means of the tangent screw until tbi 

• Formula of reduwtion : — 

lift a ^ Polar distanci; of Sun at the ttni< 
h = Co-latitudB of the place of observ 
C =: Hour angle of Sun at the timp, 
A ^ Azimuth of Sun from Bouth, 
li = Act angle. 

tan. i (A — B) = 




t(A + 11) + i (A - B) = A. 
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centre division of the scale in t!ie man-net comes ui)on tlie spider 
line. The verniers are now reail. The magnet is then inverted, 
thut is, it is turned through 181)" round the line joining its poles. 
The circle is again adjusted til! the spider-tine comes on the 
centre of the st/ale, and the verniers read. The object of this 
double rending is this: — It is impossible to make sure thut the 
magnetic axis of the magnet coincides with the centre division of 
the scale. There will usually be some small angle between 
tliem. Tlie mean of "erect" and "inverted" readings of the 
scule gives the magnetic meridian independent of the magnitude 
of this angle. For in fig. 56 let S N be the magnetic meridian 




and L M the direction of the middle division of the scale when 
the magnet scale la erect; then A will be the position of the 

telescope.* 

Now let the magnet he inverted. The diroetion S N will remain 
unaltered but the direction L M will make an angle with it in 
the opposite direction and equal in magnitude to the former angle, 
and the telescope will have to be movedto the position B, fig. hi. 
The mean between the two posiiions A, B, of the telescope is the 
true direction S N. It can be easily seeii that half the diiference 
between the readings A and B is the angle between S N and L M, 
when this is known it will save inverting the magnet when 
observations have to be made quickly. 

"Thet torsion of the thread shonld be removed at every pos- 

• The angle between L M and S N has biwn much exaggerated for clearnM* 
ill the figures. In no actual instrumeat would it be more than a small fraction 
nfa degi'ee. 

t AJmiLiiltv InatructioiiB for Magnetic Surveys, p. 23. 
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rible opportunity. This is done by removing the mii^net and 

Bubstituting a brass bar of equal Keighl, allowing the bar to banj^ 
until it has assumed a steady positinn, and turning the top of 
the BuspeBBion-tnbe nntil tbe bnr hangs steadily in the line of 
the telescope. Tlie magnet may tlien be replaced for observa- 
tion, the scale being always made horizontal and the divisions 
erect. la replacing tbe magnet care should be taken that a turn 
or half-turn of torsion is not intixidnced into tbe thread. When- 
ever time allowsj tbe tursiun should always be removed." 

To BUINQ A SWINOIKO MaGNBT TO RKST. 

In all magnetic observations it is almost necessary to be 
able to bring a swinging magnet to rest quickly. After « 
little practice this is easily done by the use of a small magnet 
held in the band and suddenly moved to or from one end of 
the swinging magnet 

If we bold tbe baud magnet so that it repels the near end of 
the swinging magnet, it should be brought suddenly up to the 
swinging magnet as tbe latter is moving towards the observer, 
and just before it passes the zero point. The effect will be to 
first stop the swinging magnet and then give it an impulse in 
the opposite direction to that in wbicb it was moving; but by 
removing the hand magnet tbe instant that tbe swinging mag- 
net has stopped, the observer will, after a little practice, bo enabled 
to stop a magnet almost dead at the zero point. It is not neces- 
sary to carry a special magnet for the purpose, as the steel lever 
or screw-driver belonging to the instrument, if magnetized, 
answers very nell. 

Baerow's Circle — Isclination and Total Foucs. 
Observatioks op thb Inclixatiov with Barrow's Cikcle. 

Plate XIV. 
Barrow'i Circle. — As arranged for determining the Inclination, 
this instrument is shown in Plate XIV. The outline of the con- 
struction is as follows : — 

Tbe whole upper part of the instrument turns on a vertical pivot 
over the circle E. 

Tbe needle C moves in a vertical plane on a horizontal axis. 

An inch or two behind it is a sheet of ground glass, B, and two 

or three inches in front of it is tbe circle G, on which turns an 
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armmoT^ byn tangent 8ere\v,P, and carrying iuii;ros<.-n|>eB, DD, 
and Terniere, H H, The object of hnvinfr the Brm bo far in front 
of the needle is to prevent tlie latter U^ing oHVeted by Ejief^lEB nf 
iron which may be present as impurities in the braaa. 

To observe the position of the needle the raicrosi^ope arm is 

vnied until the ends of the neetlle are seen in the inierusc<ti)es. 

Tie arm I«ing then clamped is adjusted by P, the tangent screw, 

autil one end lit' tlte needle is exactly in the centre of Hie field 

>f one of the microscopes. The verniers are then read, and a 

similar observation mode of the other end. The leniws outside 

the microscopes are for reading the verniers. 

To set the plane of the circle in the magnetic meridian we 

xnust remember that when this plane is at right angles to the 

xnagnetic meridian the whole of the horizontal component acta 

a pressing the pivots of the needle against their aupports, and 

only the vertical component tends to turn it on its pivots. 

The needle will therefore stand vertical when the plane of the 
eircle is at right angles to the mngnetic meridian. Tlie micro- 
cope arm being placed vertically, one of the verniers, s-iy the 
Mttom one, is adjusted to 90°, and the circle turned round on its 
"Vertical pivot till the end of the needle is seen in the centre of 
"Wie field. The horizontal circle is then read. 
I The top vernier of the microscope arm is now adjnsted to 90°," 

^^^V and the horizontal oircle again adjusted till the top of the needle 
^^^H IB seen in the microscope. The horizontal circle having been 
^^^H Tend, the needle is rever^^d in its hearings ; that is, the end of 
^^^H th« pivot, which formerly pointed to the front of the circle, now 
^^^^^ points away from it, and both observations are repeated, 
^^^f The mean of the four readings of the horizontal circle is the 
P position of the vernier when the plane of the vertical circle m at 

rigit angle* to the magnetic meridian. On the circle being 
turned round on its vertical pivot and set so that the reading of 
the vernier on the horizontal eircle differs by 90* from its former 
mean value, the plane of the circle comes into the magnetic 
meridian. 

The pivot of the nee<lle, when in use, simply rolls on plates of 
agate. To ensure its being in the centre it can he lifted off the 
agate by two metal Y^ worked up and down by means of the 

• If the inBtrument were perfect, both verniers would read 00° nt once, but 
I in ptacttee there ii slwajB & differenoo ciC 1' or 2'. 
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siJe hanJle Q. Wlion lifted in these the pivot falls to the centre, 
and when they are lowered it is deposited in the right position 
on the agiites. If it turns it rolls out of this position ; hut, after 
being raised and lowered a few timesj it falls into the right 
position while in the right direction. 

The handle Q haviufj been sufficiently worked, the microscope 
arm is adjusted so that the two ends of the needle are respectively 
ohsei'ved, and the corresponding cirele readings noted by the 
verniers. 

The process is now repeated ; if the north end of the needle 
was read first in the previous ohscrvation, the south end is read , 
first now, and vice vend. 

This gives us four readinj^s. 

The vertical circle is now turned on its pivot through 180°, as 
indicated on the horizontal circle, so that if the frontof the circle 
was formerly towards the east, it is now towards the west. 

Four similar readings are taken. 

The magnet is now lifted from its bearings and reversed, so | 
that the end of the pivot, \s bicli formerly pointed to the front of 
the circle, points away from it. 

The whole eight readings before described are then re- 



The magnet is then taken out and put into tbe woodeti block 
K nnd secured by means of the brass catch L, and its magnetia J 
polarity is reversed by drawing two bar magnets over it irom j 
the centre outwards.* 

The use of this process is to eliminate any inequality in the ' 
balance of the needle or its pivot. 

The reader should remember that the intensity of the mag- 
netization does not affect the process of determining the dip, and 
a. slight difference between the direction of the magnetic axis 
and the line joining the points of the needle is eliminated by 
reversing the pivot on its hearings. f 

Tbe whole sixteen observations are now repealed with the re- 
magnetized needle. 

The mean of tbe thirty-two readings is tbe direction of the dip. 

Before commencing to observe, the instrument must be accu- 
rately levelled by means of the spirit level K and the screw feet A, 
• See fig. 46, p. 147. 
t CompacB p. 17P. 
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■llMfclt wlien the verniers read i.vx<\, n ntWIt' Bei-ti in the micro- 
■iqiH would be exactly Iiorizoiital. 

It is usual to take two euch sets of 33 readings, and take Uie 
mean; but if the results of the two seta differ by more than 
3' or 4', Kuotber must be tnkea. 

Obsekvations ok Total Force witfi Barrow's Circle. 
Plate XV. 

Plate XV. shows the inafniment arran)^ for observations 
of total force. The method nsed is due to Dr. Lloyd. 

"For* this purjiose the instrument is furnished with two oddi- 
tional needles, which may be calhtl, for distinction, Nob. ^ and 4, 
the pole* of which are at no time to lie renened or ilitturbed ; Nob. 
1 and % being needles used for observing the inclination in 
the way just described. No. 3 is an ordinary dipping needle; 
No. 4 is a similar needle loaded with a small fixed and eonntuiit 
weight, acting in opposition to magnetism. The frame, carrying 
the microscopes of the circle, is also fitted to receive and to 
retain No, 4 securely in a constant poeition, when it is used as 
a deflector of No. 3. 

" The observations consist of two processes ; by the one process 
tlie "position of equilibrium "f is observed of No. 3 between the 
action of the earth's magnetism, and that of No, 4 used as a 
deflector, having its North polo directed alternately towards the 
magnetic North and South ; and by the other jirocess the position 
of equilibrium of No. 4 is observed between the action of the 
earth's magnetism and that of the small constant weight with 
which it is loaded-" 

The first process gives us the relation lietween the eartb'stotal 
force and the magnetic moment of ma<;net No. 4. 

The second jirocess gives us the relation between that magnetic 
moment and the moment of a known weight placed at a known 
distance from the axis. 

The product of these two ratios is the ratio of the earth's force 
to the known moment of the weight; tliat is, it gives us the 
earth's force in absolute measure. 

* Admiralty In Rtr actions lur Muguetic SurvpvH, p, 27. 

t The " position of equilibrium " is tlie pociliuii of the ae^illa when it is 
euctlj &t riglit angles to tUo microBCope arm D U nnd (letiecting magnet. 
la Van positioa tbe vndH of tlie ncedU ure swn in Ihe laiiroeaipes. 
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Thus— 



I known quantity. 



Mag. tnoni. ol No. 4 



Eatio of — 



it ul' kiioivr. wciybt 
[I known quantity. 
Multiplying anil cancelling-, we have 



BKtio 



Earth 'g mag. 
nium. of weight. 



: A B. a knonn quantity. 



Observations at Sea. — Thr Fox Circle, — Plate XVI. 

None of tiie instruments liitlierto described are suitable for 
use at sea. The motion of a ship would make them perfectly 
useless. As the greater part of the magnetic surveys are made 
at sea, it is necessary to have an apparatus which cau be used 
on board ship. Such an apparatus is the instrument invented 
by the late Mr. R. W. Fox, which, wbile sacrificing only a little 
accuracy, can be used under almost any circumstances. 

"The* instrument consists of two graduated circular rims, 
Plate XVI,, whose plants are vertical and perpendicular to the 
line joining their centres. The graduations in each are to 15', the 
zero points being in the horizontal diameter.f The aperture of 
the inner rim F is less than that of the outer one E, so that the 
divisions of each can be seen simultaneously by an observer in 
front, and should exactly correspond. 

" The needle B swings between these two rims, but much nearer 
to the inner than the outer one. lis axis, which should be in 
the line joining the centres of the two graduations, is termi- 
uated by very short cylindrical pivots, which work in jewelled 
holes. This axis carries a small grooved wheel H, round which 
passes a thread of unspun silk, furnished with hooks G G, for 
banging weights on in taking intensity observationa, Tlie whole 
is enclosed in a brass cylindrical box. This box stands on an 
azimuth base, in which turns a vernier plat«, as in a common 
theodolite. 

* Walker, Ti-rrettrial and Cotmical Magnetitm, p. 218. 
t Sy an error in Plate XVI. Ihe leros are Bhown displaced. They should 
h« in a horiiontftl line, and the 90°e. in a vertical line. 
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'* The azimuth plate is fixed to another called the foundation 
plate, which stands on foot-screws. Sometimes the instrument 
is made so that it can be screwed on to a stand like that of a 
theodolite. In the box is placed a thermometer for noting the 
temperature at the time of an observation. 

" Method op using the Instrument. 

" The object of having two series of coincident graduation)*^ 
one on each side of the plane in which tlie needle swings is two- 
fold. In the first place they prevent any error of parallax in 
reading off, as the eye is brought into the line joining the cor- 
responding divisions; and in the second place, the divisions of 
the outer circle serve as a vernier.* 

" The instrument may be used for determining dip or in- 
tensity.'* 

To prevent the needle " sticking/' the end of its bearing is 
gently rubbed by means of the rubber C (Plate XVI.), which 
consists of a flat piece of horn with a number of saw cuts 



to roughen the surface. 
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''The plane of the magnetic meridian having been determined, 
the face of the instrument is made to coincide with it, and both 
ends of the needle read. The box is then turned throusrh IbU^ 

• " For if the outer circle be n times further from the plane of the needle's 
motion than the inner one, then the line of sight which passes through the 
point of the needle must move over n divitiions of the former to make the 
needle appear to move over one division of the latter. 

•• Thus suppose the graduations of the two circles to be to p, then each 

division on the outer rim will correspond to U^\ on the inner rim. The 

method, therefore, is to read off the nearest division to the end of the needle, 
and then to carry the eye along the outer rim till this division is in the same 
straight line with the eye and the point of the needle. If m be the number 

of divisions passed over on the outer rim — ^ is the number of minutes to be 

added to the previous reading, 
t Walker, Terrestrial and Cosmical Magnetism, p. 220. 
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in azimuth, and tlin observations repeaM. The mean of the 
whole will indicate tlie dip approximately. 

" This approximate value is corrected thus : — 
" There is a small magnet (called the deflector) K inclosed in 
a brass tube fitted witli a screw. This tube is now Bcrewed on to 
the back of the instrument, so as to repel the end of the needle 
nearest it, and adJKsted at agiven angle from tlie observed dip. 

"" When the needle has come to rest both ends are read. The 
deflector ia tlien transferred to an equal distance on the other 
side of tiie dip, and the two ends of the needle read as before. 
This operation is repeated witli the face of the instrument turned 
through 180°. The mean of the four readings is the corrected 
value of the dip, 

"Most instruments of thia construction are fitted with two 
dedeetors, one to repel the north and the other the south end of 
the needle. Mr. Fox, however, appears to prefer the use of only 
one deflector, as more consistent results are usually obtained with 
small than with large angles. Sometimes, as was the case with 
the insti'ument on board the Erebus, in the Antarctic Expedition of 
1839-4-(, it Is necessary to use both deflectors at once, in conse- 
quence of the weakness of tlie deflecting force when they are used 
separately. 

" Intensity. 

" Til? deflector or deflectors being removed, the silk thread is 
placed over the grooved wheel, and a given weight suspended 
from one of the hooks, and when the needle has come to rest 
each end is read. The weight ia removed and suspended from the 
other end of the string, and both ends of the needle read as 
liefore. Half the dilTerence between the two readings will be the 
deflection." ' 

This gives us the ratio of the known moment of the weight to 
the product of the earth's force into the moment of the magnet. 

To determine the moment of the magnet it must be dismounted, 
put into the brass box K, and used as a deflector, while another 
needle without weights is substituted for it in the centres. 

This gives the ratio of the magnetic moment of the lirst magnet 
to the earth's force. 

As we now know both the ratio and product of the earth's force 
• Walker, Terreitrial and Cosmicul MaifnttUm, p. 221. 
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aud the moment of the first magnet^ the former quantity can be 
determined by a similar calculation to that given for the deflec- 
tion observations with the uni filar (p. 167). 

This last method of observation is an adaptation of Dr. Lloyd's 
method (described p. 183), made by Mr. Welsh, of Kew Obser- 
vatorv* 

"Thef correction for teii»peraiure is obuiined by placing the 
instmment under a glass receiver, and admitting heated air under 
it. The needle being deflected at a given angle from the dip by 
a given weight, the change in this angle, corresponding to an 
increase of temperature, must be noted. The actual change will 
depend on the magnetism of the needle ; but the ratio appears 
to be very nearly uniform within the limits of the range of 
temperature in this climate.'' 

The following is the testimony of Captain Koss to the merits 
of Mr. Fox's instrument : — 

"By means of the admirable contrivance of Mr. R. W. Fox 
we are able, in tolerably moderate weather, to determine the three 
magnetic elements with even more precision on board our ships 
than they are susceptible of on shore, on account of the unknown 
and indeterminable amount of local attraction ; and even in the 
heaviest gales, after a little practice with his instrument, they 
may be observed with sufficient exactness to afford very useful 
aud important information. Throughout the whole distance of 
between three and four thousand miles from Kerguelen Island to 
Van Diemeu's Land, we could not have derived a single satisfac- 
tory result with the instruments in common use ; and this por- 
tion of the ocean, at least, must for the present have remained a 
blank upon our charts. But with Mr. Fox*s apparatus, the dip 
and intensity observations were accomplished in an almost unin- 
terrupted series of daily experiments.'^ — Rosses Antarctic Voyage, 
vol. i. chap. v. 

" The principal cause of this superiority of Fox's instrument 
ill taking observations at sea is its stability, arising from the 
mode in which the needle is hung. As we have seen, the axis 
terminates in very short cylindrical pivots, which work in jewelled 
holes. By this construction any displacement of the needle in 
consequence of the rolling or pitching of the vessel is prevented ; 

* Instructions for Magnetic Survevfi, p. 31* 
t Walker, Ibid., p. 225. 
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whilst the loss of sensibility, which undoubtedly results from this 
mode of suspension, is a positive gain under such circumstances. 
Another advantage offered by the instrument is the substitution 
of the statical for the vibration method in observations on the 
intensity. With the delicate suspension required in vibration 
experiments, such an observation, except in very rare circum- 
stances, would be hopelessly impossible.^' 



CHAPTER XV. 
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nU-ABCOEDlKO I! 

Plates XVir. and XVJII. 

■PoE the ttniy of the daily and hourly changes of the rongnetic 
clemCDtH, self-recording: iiistruments are Deecraary. 

The priDciple of thesu inBtrumentB is, generally speaking, as 
follows :— 

A mirror is attacheil to the moving magnet, and a spot of light 
from a lamp thrown by it on a piece of sensitized pbotographio 
pajwr moved continuously by clock-worlc. 

If the magnet remains at restj a straight line is traced ; if it 
moves, a zigzag Hue. 

Three eh'ments are observed, viz. : — 
Dei-'li nation. 
Horizontal force. 
Vtrtical force. 
From the ratio of the last two of these the inelination can be 
calculated, so it is not observed separately. 

Declinatiow. 
Plates XVII. and XVIII. (fig. 1 in each). 
The portion of the ajiparatua which records the declination 
ooDsists of a suspended magnet with a mirror attached; the 
magnet being hung by a single fibre as in the. Unifilar mag-neto- 
raeter. It stands on a massive stone pier. Light from a gas-lamp 
passes in through a slit and coUimating lens, falls upon the mirror, 
and is there reflected inside a wooden tube into the box, fig. 4, 
Plate XVIL, which contains the barrels and clock-work shown in 
fig. 4, Plate XVIII. The light fulls on one of the horizontal 
barrels. Round this barrel is fastened a sheet of sensitized paper. 
If the barrel were at rest and the magnet moved, a black line 
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would be traced on the barrel parallel to its axis and of a lengl 
correspond iiig to the extreme motions of the magnet. If \ 
magHL't remained at rest and the barrel revolved, a line would ^ 
drawn round the barrel, which, when the paper was unrolled, wool 
be a Bti-aight line perpendicular to its axis. When however t 
clock moves the barrel steadily round, and the magnet oscillates j 
thesamc time, an irregular curved or zigzag linci§ traced round ti 
barrel, the distance of any part of which from the base lin 
the direction of the magnetic meridian at the corresponding tim 

The base line is drawn by a spot of light reflected fi-om a fi 
mirror whose direction with regard to the astronomical merid^ 
is known. 

The mirmrs are made in two halves of a disc, the one b 
fixed to the base, the upper one to the suspended magnet. 

A screen moved by the clock cuts ofi'the light from tlie fia 
mirror for n minute or two, commencing at the beginain^fl 
every other hour. This gives a time Bcale, bo that even if t 
clock does not go correctly, different diagrams cun be compai 
B8 long as the rate is known. 

HoaizoNTAL Force. 
Plates XVII. and XVIU. (fig. 2 in each). 

This is registered by means of a bifikr suspension. 

The two ends of a tine steel wire are attached to a hor 
«ci-ew whose dii'ectioD is at right angles to the magnetic meriduj 
The magnet is suspended by a pulley round which the i 
pusses. Thus the magnet is practically suspended by two win 
always equally tight. 

The magnetic force tends Xo turn the magnet round. If] 
turns it has to commence to twist the wires and raise i 
A fraction of the weight of the magnet then acts against t! 
magnetic moment multiplied by the horizontal foi-cej 
latter increases, the magnet turns further, till, by its diongeid 
position, a greater proportion of its weight acts in balaneiB^ ( 
magnetic force. The position of the mugnet then indicates 1 
strength of the horizontal Ibreo.* 

The value of the horizontal force indicnted by a given pesi^fl| 
is determined by vibration experiments, the results of wliicli i 
compared with the mean position of the bililar maguet duriM 
• Tlie whole deflection being verj- smiill. 
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tbe time wliiuh the vibration L-xperiments last, Tlie motions 
are registered on the other horizontuldrum in jirectBely the same 
manner as thoee of the dtwlintition ^ll^rQet. 

For tmall variations of liorizontol force the distances from the 
earve to the base line may be considered to be proportionitl to 
tlie force. The magnet can be raised and lowered for iKljuetment 
by tornin}; the sere«.* 

VsttTlCAL Force. 
Plates XVII, and XVIII. (fig. 3 in each). 

A steel bar is mounted on n pivot provided with affnte knife 
edges, and accnrately balanced on Bgate ])Iuues. It is then 
magnetized and the marked end dips. It is broug'ht back 
to a nearly horizontal po«ition by a brass weight fixed near the 
unmarked end, and so at^nsted that the centre of gravity of the 
whole 8y8t«tn is a little below the point of the support. The 
eOect of this is that the more the magnet is displaced from 
the horieontal position the greater is the moment of the weight 
tending to bring it back. 

Thus, if the vertical ra.ignetio force decreases, the magnet moves 
HO as to become more nearly horizontal; if it increases, the 
magnnt turns in the other direction. lis position at any time 
is a measure of tlie intensity of the vertical force. 

Its motions are registered on a drum in the same manner 
08 the declination and horizontal force, the only ditference being 
that as in this case the oscillations of the spot of light are in a 
vertical line, so tlie drum must turn on a vertical instead of a 
horizontal axis. 

Details. 

To avoid disturbance by currents of air all three magnets work 
in vacuo. The brass boxes being ground flat, glo^s receivers with 
ground edges are placed over them, and the air is pumped out 
by an ordinary air pump. 

Each magnet is furnished with a telescope and scale, so that 
its position can be ut any time observed by the eye. 

* In some inilrumenlf.bat not in those in are at Kew, it is mrHnged tlint 
•H tie BL-ruiT tuniB it maves loiit(itudtnKl1j tlirough iti Learings, but ths wire 
ur thread, aa it winds In the screw thread, moves iti the opposite direction at 
the satBo rate, w) lh«t the magnet only moves vertically. The nsa of a 
screw keeps the threads always the same diHlunce apait, and preveota the 
thread winding on itself as it would on a plain bar. 
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Tlio measured values of the curves have to be corrected for 
temperature. Therefore tlia variations of temperature are con- 
tinuously recordud by iixiag a thermometer in a sHt iu a screen, 
on one Bide of which is a light and on the other a drum covered 
with sensitive paper. Light passes through the upper part of 
the tube Lut is stopped by the mercury column. A curve ehow- 
inw the variations of the height of the column is thus tmced, the 
whole of the paper on one side of it being white and on the other 
black.- 

For economy two days' tracings of each of tlie magnetic de- 
ments are commonly taken on the same paper, the gas-burners 
being displaced slightly to one side at the end of the first day. 

Plate XIX. shows the variations of the horizontal force on 
two consecutive days; the first day being one of ordinary 
change, the sccoud being clmractfirized by the occurrence of a 
violent magnetic storm. It is an esact reduced fac-simile of 
one of the photographic records. On two days of ordinary change 
the curves would not cross each other. 

The original tracing is black on a white ground. In 1862j 
when it was taken, the arrangement for cutting off the light 
every two hours had not been introduced. 

* Iq meteorological observaturieB, a similar inetLod ia aUo used for n 
teriog the Tiuidtiuas of the borumeter. 
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obexbyations ok terrestrial maonstism. 
Secular Changes. 
Thb Declinatiok. 

The following table shows the changes which have taken place 
in the declination since the year 1580 : — 



Tear. 


Decllnfttkm in 
London. 


Tmr. 


Declination in 
J/ondon. 


1580 
1622 
1634 
1657 
1666 
1672 
1700 
1720 
1740 
1760 
1774 
1790 


11« 17' E. 

6° 12',, 

4° 6' „ 

OP 0^,. 

0° 34' W. 

2<»30' „ 

9°40' , 

13« 0' „ 

16° 10' „ 

19° 30' „ 

22°20' „ 

23°39' „ 


1800 
1806 
1815 
1820 
1831 


21°36'W. 
21° 8' „ 
21° 27' „ 
24° 11' „ 
24P 0' „ 


1858 
1863 
1868 
1873 
1878 
1879 


At Kew. 
21*» 54' W. 

21° 13' „ 
20^33' „ 
19«>58' „ 
19° 14' „ 
19« 7' „ 



We see that the declination was easterly in London from 1580 
to 1657. In 1657 it vanished^ and the magnetic meridian coin- 
cided with the astronomical. 

The needle then began to move to the west of norths and the 
westerly declination continued to increase till about 1815. 

The needle then turned back, and has ever since been returning 
towards the astronomical meridian* 

Thb Inclinatiok. 

The following table shows the changes which have been ob- 
served in the inclination since its discovery in 1576 : — 



JMagnelistn, 



J 




J 














71= W 


1838 


09° 17' 


l(i()0 


72" C 1 


186i 


68=31' 


1676 
1723 


73° 80- i 
71° 42- 








AtKoB^. 


1780 


n" 8- 


1858 


08° 23' 


17«) 


71° 33' 


1863 


es=i2' 


1800 


TCPSy 


Ui% 


fi8° 2' 


1818 


70" 3J/ 


1B73 


67=52' 


1831 


7-1° 3' 


1878 


iir=4T 


1828 


«9''*7' 


1879 


C7»42' 



We see that from the time of its discovery to about 1723 the 
inclination at London increased. From that date to the preseot 
lime it has decreased. 



Force. 
I also a Eccular change in the 



horizontal and totpl 



There 
force. 

fhe Horizontal Force increnses from year to year at a sensibly 
aniform rate. Its mean value at Greenwich was 

-1716 in the year 1S48. 

•177G „ „ „ 1867, 

(at Kew) -1797 „ ., „ 1879. 

The yenrly increase is about -00124 of the whole force. 
The Total Force decreascB from year to year. Its mean value 
at Greenwich was 

■4791 in 1848. 

■4740 in 1866. 

{at Kew) -4731} in 1879. 

PEitionic Changes. 

Mogtteiie Observations uniler the Direction of Major -General 
Sabink, late P.ll.S. 

General Sabine's work on Terrestrial Mn^etism is contained 
in a series of papera, in nearly every number of the "Philo- 
sophical Tmnsaetions," from ISIU to the present time. 

A great portion of hia commumcations is taken up with a 
Ma^etic Survey of the Globe, chiefly for the use of mariners. 
As however no general theory of the distribution of terrestrial 
magnetism con yet he said to be established, we will confine onr 
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attention to his observations and conclusions with regard to the 
Tariations of the several (.-Icments ; and first we will say a few 
words on the methods used for separating disturbances of dif- 
ferent periods. 

Suppose we have observations of the elements for every hour 
for a long period, and suppose we want to know the chanffe from 
day to duy, we take means of all the hourly obHervalions on each 
day, and the difference between the means of consecutive days 
will give the daily change. 

If, however, we wish to find tbe mean hourly change, we take 
til e meant of the olitervationt made at the same hour oil different 
day». This gives us the hourly change and eliminatei the dally 
change. 

General Subin-^'s first general conclusion with regard to the 
secular change was, that there is a decennial period* in the 
larger disturbances of declination. 

At Toronto and Hobarton tlie years 1843 and 1S48 went 
periods of minimum and maximum disturbance respectively. 

This decennial period " does not appear to connect itself with 
any of those divisions of time with which we are conversant, as 
depending on the relative circumstances of the sun, the earth, 
and her satellite." 

lIufrMtli Schwube has, howeverj made the remarkable discovery 
that the decennial period absolutely agrees, not only in its length 
lint in tbe positions of its maxima and minima, with a period 
which he has discovered in the frequency and magnitude of solar 

Monthly means, taken in different years, have shown that there 
is an annual period of the disturbances corresponding to the 
apparent path of the sun in the ecliptic. 

In southern stations the declination is easterly from May to 
September, and westerly in the remaiuing months of the year. 
In northern stjitions the reverse is the case. 

The total force attains in Dublin a maximum in June and a 
minimum in February. In the southern hemisphere (Hobarton) 
the reverse is observed. 




Tub Inclinaiion. 
At Kew the inclination is below the mean in May, June, July, 

• Philofopkical Tramaclions, 1856, p, 3C1, 
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August, and above it in the remaining montiis of the year. At 
HobartoQ the south inclination is below the mean from June to 
October inclusivcj and above it for the rest of the year.* 

DicitSAL Inequality. 

Hourly observations have shown that there is another periodj 
coincident with the period of rotation of the earth on her ajus. 

Dr. Lloyd, speaking of the diurnal inequality in Dublin, saya 
that its general features are as follows : — 

"I. The easterly force diminishes from 7 a.ra, or 8 a.m., and 
tbe north pole of the magnet moves toeslmard until about 1 p.m., 
when the easterly force is a minimum. 

"II. After Ip.m. the easterly foi-ee inui-oases and the north 
jiole of the magnet returns eastward. This easteriy movement 
continues until about lUp.nj., when t!ie easterly force attains its 
greatest value. 

"III. There is a second tut much smaller oscillation during 
the night and early morning, the easterly force diminishing and 
the north pole moving slowly westward, for a few hours before 
and after midnight; after which it returns to the east until 
7 a.m., when the easterly force is again a maximum. 

"IV. In summer the westerly movement during the night 
disappears, the aftenioon easterly movement continuing through- 
out the night, but at a slower rate. In winter, on the other 
hand, the morning easterly movement vanishes, and the magnet 
is almost in state of repose from i a.m. to 8 a.m. 

" V. From the facts last mentioned it follows, that the greatest 
range in summer is that of the westerly movement from 7 a.m. 
to 1 p.m. ; wbilo in winter the greatest range is that of the 
easterly movement between I p.m. and 10 p.m." 

LuMAB Diurnal Inequauty. 

A period has also been discovered corresponding to the Innar 
day. 

Of it General Sabine says:! "The Tariatiott in each of the 

thi-ee elements constitutes a double progression in each lunar 
day ; the declination has two easterly and two westerly maxima 
in the interval between two successive passages of the moon over 

• Lloyd's Treatise on Magnelitrn. 

t Pkilotophicat Trantaeliont, 1856, p. 
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the aBtroQomical meridian ; and the inclination and the tota] force 
hare each two maxima and two minima due to the moon's action 
iu the same interval, the variation passing in every case four 
times through zero in the lunar day. The easterly maxima of 
the horizontal dcfli^ction of the north -pointing end of the magnet 
synchronise with the moon's Buperior and inferior passages of the 
meiidian ; the westerly nmsima with the lunar hours of 6 and IS. 
The maxima of the increased magnetic force due to the moon's 
action occur about the lunar hours of 3 and 1ft, and the minima 
ahoiit 9 and 20." 

Thu8 we see that the changes in the magnetic elements depend 
principally on the relative positions of the sun and moon with 
respect to the earth. Whether the greater part of the effect is due 
to direct magnetic action, or indirectly to the heating and cool- 
ing of the crust of the earth, we are not in a position to decide with 
absolute certainty. 

EFracT OF Sdnspots. 

In IS!}9 a magnetic storm of unprecedented magnitude con- 
tinued from August Z8th to September 7lh. Professor Balfour 
Stewart* has pointed out that this was synchronous with the 
period of maximum activity of one of the largest sun-spots ever 
observed. 

The Aukoba. 

It is found that the appearance of certain kinds of anroree 
coincides with certain periods of disturbance, but the observa- 
tions at Point Barrow in 1852-3-4,+ which are the best we yet 
have, cannot be said to have established any definite law of 
connection. 

Beoun'3 Observations. 

On December 15, 1S75, Mr. J. A. Broun, F.R.S., communl- 
cated to the Royal Society J b pa|>er "On the Variations of the 
Daily Mean Horizontal Force of tho Earth's Magnetism pro- 
duced by the Sun's Rotation and the Moon's Synodical and 
Tropical Revolutions," of which the following is an abstract : — 

" The variations of duily mean horizontal force in the years 



• Fhiloto/iAical Transaction 

t Ibid., 1867, p. 4a7. 

J Proc. R-ij. Soc., ixlv., 1875- 
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I gS Magnelis7n. 

1844 and 1845 sLowed several well-marked oscillationsj havii 
periods of Trom 20 to 30 days, and amplitudes, in Bome ca^es, 
more than one thousandth of the whole magnetic force. Thi 
oscillations were first attributed to luiiar action ; afterwards th« 
were found more jirobably due to the sun's rotation on hia 
The disappearance of these oscillations in the middle of well^i 
marked seriesj their different amjditudes and periods, could not 
be explained except by the supposition that the solar action wna 
not continuous, but only by (its periodic. 

" The author wasinduced to believe lately that these different 
in the oscillations were due to conjoint actions of the 
moon; he accordingly deduced the mean variations corresponding 
to three periods of 26, 29-5, and 27-3 days, the times of rotation 
of the sun derived from tlie magnetic observations, and of the 
moon's synodicul and tropical revolutions respectively. He finds 
that the combinations of these three series of variations represent 
with considerable accuracy all the variations of the daily mean 
horizontal force of the earth's magnetism during each year 
that the sun's rotation and the different positions of the n 
relatively to the sun and the phine of the equator (or of 
ecliptic) arc found to produce all the differences in the amplitude 
and time, as well as tiie apparent disappearance of the oscillation, 

" Cases of considerable and sudden diminution of the earth'i 
magnetic force which happened in the years 1814 and 1845 i 
next examined ; and it is shown that these changes occur 
intervals of 26 days, or multiples of 26 days; in one inatant 
there are five successive recurrences at the exact interval of 
days. 

" As this period is that of the sun's rotation relat'ivelj/ to 
earCi, it appears to follow that the earth has some action on 
sun, or {more probably) on some ruy-likc emanation from 
sun, which causes these changes in the earth's magnettem. 

" It is found also that these sudden varinlions occur m 
frequently when the moon is at a considerable distance i\ 
equator and the ecliptic ; it would thus appear that our 
has also an action on the cause of the great terrestrial magnt 
disturbances." 
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EARTH CVRRKNTS. 



Maonetic observations are compliCRted by the existence of 
cert&In currents of electricity wliicli move in the earth.* 

Mr. C. V. Walker, F.R.S., superintendent of the South Eastern 
Roiln-ay telegraph lines, has made a series of investig'stions on 
these cnrrenta, and has communicated the result to the Koyal 
Society, in 1H61 and iBfiS.f 

He thus summarizes his results : — 

" The results arrived at in these two communications may he 
briefly summed up as follows : 

" Ist. That currents of electricity are at all times moving in 
definite directions in the earth. 

" 2nd. That their direction is not determined by local causes. 

"3rd. Tiiat there is no apparent difference, except in degree 
between the currents coUect«d in times of great magnetic dis- 
turbance, and those collected durinfj the ordinary calm perio<Is. 

" 4tb. That the prevailing directions of eavtii currents or the 
currents of most frequent occurrence are approximately N.E, and 
S.W. respectively.! 

"Slh.That there is no marked difference in frequency, duration, 
or value between the N.E. and S.W. currents. 

"0th. That (at least during calm periods) there are definite 
currents of less frequency from some place in the S.E. and N.W. 
quadrants respectively. 

" 7th. That the direction of the current in one part of a plane 
on the earth's surface (at least as far as the S.E. district of Eng- 
land is concerned) coincides with the direction in another part of 



* See Cliapter XIX., " Action of Currents □□ Magnet*." 

t Proc. Roy. 800., xi., 1860-62. p. 681. 

j ThM» would tend to wt the magnete S.E. and N.W. rmpMirely. 
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the plane; and if the direction changes in one part, it changes in 
all parts of the plane. 

"8th. That the relation in value between currents in a given 
part of the plane and currents in another given part is not con- 
stant, but is influenced by loeal meteorological conditions, and 
varies from time to time. 

" 9th. That the value of a current of a given length moving in 
a given line of direction is not necessarily the same as that of a 
current of the same length on the bame line of direction produced, 
and that their relative value depends on the physical charact«rof 
the earth interposed between the respective points of observation, 
and is tolerably constant. 

"10th. That the currents which have formed the bases of these 
investigations are derived currents from true and proper earth 
currents and neither in whole nor in any appreciable part have 
been collected from the atmosphere, nor are due either in whole 
or in any appreciable part to polarization imparted to earth- 
plates by the previous passage of earth currents or of powerful 
telegraphic currents ; nor are they due to any electromotive force 
in the earth -plates themselves. 

" 11th. That the earth currents in question (at least the power- 
ful currents present at all times of great magnetic disturbance) 
exercise a direct action upon magnetometers, just as arti6cial 
currents confined to a wire exercise a dii-ect action upon a, 
magneL 
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Elcclro-Kinctics. 



When any two insulated cbargL-d bodies are connected, the flow 
wliich goes on until the potentials are equal, lasts but a very 
short time, as the potentials approach equality with great rapidity. 
lt\ however, instead of insulating the chargt-d bodies, we con- 
nect them with a machine which, by the expenditure of work, 
will keep their potentials constantly diOerent, the electric current 
will continue to flow along the connecting wire as long as the ' 
machine is in action. 

The voltaic battery is eucIi a machine. One view of the prin- 
ciple on which it is founded is this : — 

If two metals be placed, near together but not in contact, in a 
liquid which acts chemically more upon one than upon the other, 
the metals became charged so that the one least acted on is of 
higher potential than tiie one most acted on. Tlie difference of 
potential produced depends only on the nature of the metals and 
of the liquid, and not on the size or position of the plates. 

As soon as the diflerencc of potential bns readied its constant 
value, the chemical action ceases. 

If now the motals ara connected by a wire outside the liquid, 
the difference of potential begins to dimiuisli, and un electric 
current flows through the wire. As soon as the difference of 
potential becomes less than the maximum for the metals and 
liquid, chemical action recommences and brings it up to the 
maximum and thus, if no disturbing cause interferes, the current 
will continue till the metal most acted on is enticely dissolved. 

This view of what takes place explains the action very well. 
It is not yet certain whether this is the true explanation, or 
whether we should say : On Joining two metals either direcUy 
or by a wire, a difference of potential is observed. When the 
metals, still joined, are partly immersed in a liquid, which act^ 
more upon one than upon tlie other, the chemical action equalizes 
the potentials, and in doing so causes a flow of electricity along 
the connecting wire. The moment the equalization of the po- 
tentials has commenced, the difference is renewed again at the 
point or points of contact between the metals; and so, if no 
disturbing cause interferes, a continuous flow of electricity is " 
kept up till the metal most acted on is entirely dissolved.i 

The latter view has, in my opinion, more evidence to support 
it than the former. It will be more fully discussed in Chapter 
XLIII., Contact Electricity. 
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When two metnls ore arrangnd as abore (lescrit<ed in a liquid, 
and are in metallic communication, the one wbic-h, if alona 
would be most actt^d on, entirely protects the other, and tbc 
armngement is culled a vallate circuit, or cell. 

In what foUowB we will call that part of the metsi least acted 
on, which is not immersGd in the liquid, the positive polu of the 
battery, nnd the corresponding pail of the other the nt-jfotive 
pole. Il'we briii}^ the liquid in the buttery to the potential of 
the earth, the plate at the hifjher potential will be positively 
charged, and that at the lovver potential nefjatively charfjed, and 
the above convention will ugree with our dehnitioiis in Purl I. 

In nearly all practical forms of the voltaic cell, the metal form- 
ing the n^ative pole is zinc; that forming the positive pole varies. 

The simplest form of voltaic cell coiisisis of a plate of copper 
and a plate of zino (Hg. 58) partially immersed in diluted* sul- 
phuric acid, which nets on the ziiio, bub 
sot on the copper. "With such an arrange- 
ment, however, the cnirent only continues 
for a very short time, and then ceases. 
Evidently some disturbing cause is acting. 
Od examining the copper, it will be seen to 
be entirely coaled with miuule bubbles, 
which, if collected and tested, will he I'uund 
to consist of pure hydrogen gas. 

If a piece of zinc alone be dissolved in 
dilute sulphuric acid, the water is decom- 
posed, and the oxygen combines with the zi 
is set free-t 

When the decomposition occurs in a voltaic 




ic, and hydrogen 



: cell, the hydrogen 
but at that of tlie 



is liberutvd, not at the surface of the 

• Uulws the contrary U iitstrd. it U in be unJi-rBtiiotl Ibat " dili 
•ulpliuriu acid " ineiiiii a mixture uf 7 parts (by tDriuiiirc) of nnlrr witli 
purt of add (C'oml. >p. gr, 1'846). Iti iniiini;. cnre must be taken tn nieai 
out tba water fir*I, and then to udd tlia aL*id Co it It in rery dungKrou: 
add the water to the ucid. 

t Thn action is eiprenjed by tlie roUowinif ohemii'al wiuniion : — 
H, SO, + Zn = Zn SO. + H« 
whiah eipreesei that one atuia of tXne 
bydrogtn, cunvcrtinK llie auljihuric ad 
** EUemanU of Cli^iulhtry," rol. ii. p. 6u. 



:hiingeB placet with two atoiaii of 
1 into aulpfaate of zinc. — Miller, 
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s that A 



why it ] 



The effect of the copper 'being* coated witli hydrogen i 
diflereDce of potential is no longer produced. 

Why tiie hydrogen fihonld appear at the copper, and 
should stop the current, ia not well understood. 
A)iAi,GAir\TED Zmc. 

AVe have as yet assumed that all the oietale used are chemicAlIy 
pure. The ordinary zinc of commerce of which buttery platee 
are mude is however not pure, but contains many particles of 
iron and other metals. If a piece of ordinary zinc he placed in 
acid, each of these pieces of iron, together witli the ziue near, 
it, forms an independent small cell, whose circuit is always 
closed, whether the main current ia closed or open. The carrents 
produced in these small circuits in no way help the main current, 
while they cause the zinc to be rapidly consumed. 

The cost of chemically pure zinc prohibits its use, so a diSerent 
plan is used, which, though probably first adopted as a make- 
shift, is Ibund to be in every respect equally efficacious with thfc 
employment of pure zinc. i 

It consists in coating the zinc with mercury. This is done byj 
first immersing the zinc for a few minutes in dilute sulphuric OP' 
hydro-chloric acid, so as to give it a chemically clean Burface, 
and then pouring mercury upon it. The mercury at once oom- 
bines with ils surface, and the whole of the zinc appears bright 
like silver. Zinc thus " amalgamated " is not attacked by dilute 
sulphuric acid, unless it forms part of a closed galvanic circuit. 
The precise action of the mercury is not known. It probably 
acts by coating the zinc and particles of iron alike with one and 
the same metal. 

Binding Screws, 

Binding-screws are clamps for attaching connecting wires to 
any instrument. They are made in many forms, hut the two 
shown in tigs. 59, 61) are the most general types. In fig. 69,, 
the end of the wire is passed through the hole, and the 
being turned, clamps it. This form is most convenient for 
ordinary apparatus. In the form tig. 60, the wire is bent round 
and clam]>ed. This is used for measuring apparatus, as it givea 
rather a better contact. This form is often made with more 
than one nut, so as to allow a second wire to be attached without 
disturbing the first. 



1 



I 




, 59,.J 



be attached withoufe^H 



Binding Screws — Stnee's Ceil. loj 
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Constant Batteribs. 

To make a conslaut buttery or cell, it w ni-cessary to pro- 
vide some means of fi-iting: tlie positive or copper plate from 
liydragen. 

Subk's Cell. — Fig. fli. 

In Smeo's cell, winch is ^ + 

shown in aectioii in lig, 61, the 
plates con^iist of zine und phit I- 
nizi^ silver, i.e. silver witli a 
deposit of rooffh plHtinitm nt 
powder on its siirfuce. As lliis 
presents a multitude of points, 
the hydrogen disenyiiijcs ilsi;!!' 
more easily tliun from u smuoilj 
plate. As silver is miith nioi. 
expensive than zinc, tliu siU>T 
plate is usually urrangod b.- 
Iween two zinc oiicb, no iis lo 
use both sides of the silver, ^iml 
so get a greater surfiii-L'. A1- 
thongh the dilfertDcc of [loliii- 
tial is independent of the si^i.' 
I of the plates, we ^\m\\ expliiin *'*"■ 

'ut the quantity of electricity produced is not. 

Tub BicuKouATE of Potash Cell. — Fic. 02. 
In this cell the plates consist of carbon and ziuc, and the 
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liquid is dilute sulphuric acid suturated* with bichromate of 
potash. The action of the bichromateof potash is to prevent the 
hydrogen from reaching tlie carbon plates at all.f 

Osving to its not making any smell, this cell is mncb usi-d 
for tiible worfc, when a moderattly 
[Hiwerful current is required fur a 
short time. It is usually made in 
whatis culled the hnttle form, shown 
in section in fif^r. 6i. A glube-shaped 
glass bottle with a cylindrioal neck 
contains the liquid. The carbon, 
which, though nut called a metal, 
is an eseellent conductor, is what is 
dcpoinited in the necks of the retorts 
during the maiiufaeture of coal gas. 
It is very bard, and can only be 
ground into ^hape, not fairly cut. 
Two plates ai-e made of it, and 
i':icli from tlie bottom to the top of 
the bottle, where they arc fixed to a 
jiiece of vulcanite which forms a 
stopper. 

A zinc plate onlj lialf the lengtl) 
of the carbon plates is fixed to a sbdiug rod, so tlial, being still 
between the carbons, it can be placed either in the bulb or neck 
of the bottle. The bottle is only filled up to the bottom of the 
neck, 6o that when the cell is not in use the zinc can be drawn | 
completely out of the liquid. 

On the ebonite stopjier are fixed two binding screws wbichl 
are connected by Gtri]>8 of metjd, the one to the eliding rod] 
atliached to the zinc, the oilier to tlic two carbon plates. 




Two-fLUiD Cklls. 
i yet described only cells 




We have : 

* About 4tiz. of bLc1immat« will Batumte one pint uf niitcr. The bichro- 1 
mate »bmild lif dixaolved in boiling n>t«r, and, when it is cold, cbeauiil should [ 
W added. When tlie solution \* attain cold, it will b« rvadj for a»e, 

t The cbemiunl ai^tion in as follows : — 

K . 2 Cr O + 4 S 0. = Cr, 0„ 3 8 0, + K . S 0, + O,. 



Grove i Cell. 
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B bnttcrtcs llio compounds formed by the hydrogen return to 
tine pLite und retard tlii? action upon It. Cells with two 
B are tnude tii jireveut tliis taking place. The two principal 
rtypes arc Grove'« and Duniell's cells. The latter is iii^ed when a 
^constant current of ino<lerate strength is reqoiied for days, week s, 
lor inontha. The former, when u very powerful current is required 
|ifor a few hours. 

Qhove's Celi. — Fia. 63, 
Id Grove's cell, the metuls used ure zinc and platinum; tho 
f fluids, strong nitric and dilute Biilphuric acids. A cell of thin 




1^^ ebo: 



« 



S? 



FIg.W. 

•otu earthenware U filled with nitric acid, and contains the 
platinum plate. This cell isplaceil inside another cell, usually of 
ebonite, containing the zinc and dilute sulphuric acid. The porous , 
earthenware, when wet, permits the cleetriuity to puss freely 
through it, while it almoet entirely prevents the liquids from 
mixing. In fi^. 6^, which shows the arrangement of the platesi 
teveral cells are represented connected toffether, but the reader is 
requested fur the present to confiDc his attention to one only. In 
this cell, the hydrogen which, wherever it is set free, must be 
ibrmed in the sulphuric acid, would have, in order to reach the 
platinum plate, to travel througli the nitric acid ; or even if it is 
only liberated on the platinum, it ia still in contact with the nitric 
<acid. The hydrogen and nitric acid at once combine, and form 




i 
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niti'ous acid and water, botli of wliiuh remain in solution in ibe 
free acid.* 

One of the zinc plates antl one of the clampe used for boldiny 
the platinum againettlie zinc (page 221) are shown at the bottom 
of fig. 63. 

Gpovu'b battery is the only voltiic arrangement used for pro- 
ducing the electric light, and for other purposes where great power 
is required. 

Bumsen's Cell. 

Biinsen'a cell is similar in cnnstruction to Grove's, with the 
exceptidu that the plate immersed in the nitric acid is of carbon 
instead of platinum. The impoBsibility of cutting carbon into 
very thin slices necessitates making the cella larger. Usually 
they are made circular. This eel! is not so powerful as Grove's, 
and, though its first cost is much less, it is troublesome, and 
more expensive to work with.f 

Dasiell's Cell. — Figs. 6-t, flu, 60, 67. 

In this cell the metals used are zinc and copper. Tlie^ 
former is usually immersed in dilute sulphuric acid; the latter 
in a saturated solution of sulphate of copper. In a very i!oa« 
vcnient form of the cell shown in figs, 04, 65, the zino vk, 
the form of a rod is placed inside the porous cp!I, and tlirf 
containing vessel being made of copper acts as the otlmr 
plate. 

• The chemical action may be repreaeuted by the fullowiiif- furtnub 
iDolecular arrangement Ivfure tLe action being reptei'eiilcd by thtt bracket* 
above Ibe line ; afler it, by ihoau beluv. ' 



We lee tlmt tbo pUtinuiu don not join in tbe cbemiual action. — UiUfTfi 
"Elemeuls of Chemistry," voL i. p. 479. 

From his having represented two atoms of nulphiiric acid, it appeon 
Dr, Miller wan ol' opinioD that the ai/tion between tbe lino and anlphoric 
was distinct from tbut between tbe sulphuric and nitric acids. 

+ Botb Grave's and Bunsen's cells give off rumes of nitrous acid which an 
unwboli'flome, and injurious to instrmnent*, and tbercfora they \afu 
be placed in tbe physical hibnriitorj. but in a separate sbed or collarcoui 
to the laboratory by insulated copper wires. 



Daniclts Cell. 2 1 1 

Ineule the copper cell and near the top \t a eojiper shelF, 
perromted with mnny holes. This shelf wrvos to keep the 
porouB eel] in its plaw. On it are pilt-d up n nunilier of ciyetaU 
of sulphate of copper. The cell is filled with a saturated 
solution of the same, i.e. with water in which is dtsBoIved 
the maximum quantity of eulpliate of copper which it will 
contain. 




Tn the inner cell is the zinc rod, and, aeconlinfj to the 
purpose for which the hattery is required, either dilute sulphuric 
acid, salt and water, or plain water; the latter, while causing 
a great diminution of power, increasing the constancy of the 
battery. 

In the cell from which fig. 6a Is drawn, the copper cj'linder is 
Q inches deep and 3 inches in diameter. 

When the circuit is closed, the hydrogen, whether it. comes 
from the zinc through the porous cell towards the copper, or is 
liberated on the copper, meets the solution of sulphate of copper, 
and, taking I'rom it an atom of sulphur and four atoms of oxy- 
gen, forms sulphuric acid, and liberates metnllic copper which is 
deposited on the copper plate. At the same time, sulphate of zinc 
is formed in the sulphuric ucid cell. 
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Thus till: thic-kness of the zinc plute diminialies, and tliut of ths 
copper plate increases, while the t'ell Is worked.* 

It will l>e seen, on looking at the eiiuntion in the foot-not«, 
that for each mnlecute of cop|ier deposited on the plute, 
molecule ot' sulphate of copper is destroyed, and the solution 
■;cts weaker. As eoon as this occurs, a portion of the sulphato 
of copper nn the shelf Js dissolved. The part of the liquid 
which hus dissolved it hecomes denser than the rest, and sinks. 
to the bottom, and a fi-etth portion of the weakened solution comee 




in contact with Ihp solid sulphate of copper, and so a circnluti'm 
goes on till all the liquid is again saturate<l. 

• Tllc r.llowinj; ehemital equntion reprMents llie change that take* 
place. The bratkcU aUive Ibe Jiiia represenlirff llie moleuular airsnguiaent 
hefure tlie deeumpoiiitiDn ; thone belnw. tlip amingemeiit anrrwarJB : 



til II 



\\ 



I 1^ i' 



C«SO, nil H.SO. 11, so. ZoZii 

ti h ill 

n " ElementB o£ Cliemistry," vol, i. p 



Thomsons Tray Cell. a 13 

Tlie power of this cpII eteudily liimiDiEliea until the dilute 
ncid is saturuteil with siilpliule of ziiiu, ultvr wliicti it remains 
almust constuut lor a very Inng tiiiit:. For tliis reuson, wIieD 
constaDcy is more important than strength, it is custociftry to 
6iiluriit« the EulatioQ wjtli eiilphnU- of zinc bcfonj U-jrinninj; 
work. 

Figs. 66, 67 are drawn fi'om two original models of Daniell'a 
l>alt«ry, preserved at Kini^'a Colle^, where hu was Wofcssor of 
Physii* from Ib-Sl lo 1S45. 

The copper wlls shown in fig. (S(i lire 31) inehes dei'p and 3^ 
inches in diameter. 

Fig. 67 shows an arrangemL-nt wliiili wns adopted for kwping 
the dcid nolution constantly 
renowfd.sothatits strength 
('hould lie always t.'otistant. 
A constant supply of fresh 
acid WHS allowed to drip in 
at the top, white the used 
acid Mowed ont thnmgh the 
^lass lube on the left. This 
cell is 6 inches deep and 
3 inches in diameter. The 
l>orous cell is made of 
pari;bment. The zinc is 
not shown. On the right 
is a mercury cup used in- 
stead of a binding screw. 

Numerous other forms 
of Daniel's cell are in use, 
the various modificati'jns _ ^j 

having Iieen introdun^l 

with u view of preventing the raising which goes on through 
the walls of any porous cell, and because of the resistance which 
such a cell offers to the electrical ond chemical action. 

Gejvitt Batteries — Thomson's Tbav Cell, Fias. 68, 69. 

They have usually taken the form of " gravity " batteries, that 
is batteries where the plates are placed horizontally, and the 
liquids kept apart, chiefly, if not entirely by their difference in 
density. The denser liquid is of course placed at the bottom. 
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The best form, and one nliicli may be taken as a type of llic rest, 
is Sir Wtn. TUomsoii's tray ee!l. 

The following' descritjtion of it is tiiken from Professoi- Clark • 
Maxwell's "Elet-tridty," art. 272, vol. i. p. Wtl :— 




" In all ToiinE of Daniell's ixW the final result is that the 
sulphate of Clipper finds its way to the zinc, and spoils the Lattery. 
To retard this ri'sult indefinitely, Sir W. Thomson* has constructed 
Daniell's buttery in tlie lollowing form. In each cell the copper 




plate is placed horizontally at the bottom, and a Eaturat4;d solu- 
tion of sulphate of zinc is poured over it. The zinu is in tbe 
form of a grating, and is placed horizontally near tlic surface .if 

• Piw Roy. Soc., xix., 187a71, pise 233. 
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the solution A glass tube is placed vertically in the solution, 
with its lower end just above the surface of the copper plate. 
Crystals of sulphate of copper are dropped down this tube, and 
dissolving in the liquid form a solution of greater density than 
that of sulphate of zinc alone, so that it cannot oret to the zinc 
except by diffusion. To retard this process of diffusion, a syphon, 
consisting of a glass tube stuffed with cotton wick, is ])laced, 
with one extremity midway between the zinc and copper, and 
the other in a vessel outside the cell, so that the liquid is very 
slowly drawn off near the middle of its depth. To supply its 
place, water, or a weak solution of sulphate of zinc is added 
above when required. In this way the greater part of the sul- 
phate of copper, rising through the liquid by diffusion, is drawn 
off by the syphon before it reaches the zinc, and the zinc is sur- 
rounded by liquid nearly free from sulphate of copper, and 
having a very slow downward motion in the cell, which still 
further retards the upward motion of the sulphate of copper. 
During the action of the battery, copper is deposited on the 
copper plate, and SO4 travels slowly through the licjuid to the 
zinc with which it combines, forming sulphate of zinc. Thus 
the liquid at the bottom becomes less dense by the deposition of 
the copper, and the liquid at the top becomes more dense by the 
addition of the zinc. To prevent this action from changing the 
order of density of the strata, and so producing instability and 
visible currents in the vessel, care must be taken to keep the 
tube well supplied with crystals of sulphate of copper, and to 
feed the cell above with a solution of sulphate of zinc sufficiently 
dilute to be lighter than any other stratum of liquid in the 
cell." 

Fig. 68 represents a lecture model, and fig. 69 is drawn from 
a cell of the form commonly used. The tray in fig. 69 is 22 
inches square. 

The LECLANcnf; Cell. — Fig. 70. 

This is now very extensively used for telegraphic purposes. 
It consists of zinc and carbon separated by a porous cell. The 
zinc is surrounded by a solution of sal-ammoniac and the carbon 
by a mixture of black oxide of manganese and powdered carbon. 
The cell containing the powder is filled up with water. This 
cell has small power, but for discontinuous work will remain in 
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action, without more attention than occasionally filling up tlie 
cells with water, for some years,* 




The Tvro-FLutD Bicuromatb Cell, 
In this cell zinc and carbon are used aa in the one-fluid form, 
Imt the carbon is placed in a porous cell surrounded by a s: 
rated solution of biehromate of potash in water only, while the , 
zinc is placed in weak sulphiiric acid (about 20 to 1) ia the I 
outer cell. 'J'bia battjjry \& extensively used for telegraphio 
purposes. " 

The Chloiudb ov Silver Cell. — Figs. 71, 72- 
The following is Mr. Warren De La Hue's description of a large 
buttery of these cells :t — 

" Tlie battery used up till now consists of 1080 cells, each bein^ ' 
formed of a glass tube T {fig. 7 1), 6 inches {15 23 centims.) long 
and i of an inch (rOcenlim.) internal diameter; these are closed 
with a vulcanized rubber stopper (cork) e, perforated eccentrically 
to permit the Insertion of a zinc rod, carefully amalgamated, -|^ 
{U-4S centim.) of an inch in diameter, and 4'5 inches (ir43 
centims.) long. The other element consisls of a flattened silver 
wire sw, passing by the side of the cork to the bottom of the 

* The chcmlcail action ia as foUowa : — 

N H. H Ci + 2 Mn 0, + Zn = Zn CI + N H. + H + M.i, O., 
t Proc Roy. Soc iiiii., 1874-75, p. 356 ; and Phil, Traus., 1877. rol. 
" [.p. 155. 
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tobe, aini covered, at the upper part aljove the chloride of silver 
■nd until it passes the stopper, with thin sheet ^titta-percha for 
tanilatioD, and to protMit it from the action of the sulphur in the 
Tnlcanized corks; these wires are -^ of an inch (Olfl eentim.) 
broad and 8 inches (20-3!l centima.) long. In the bottom of the 
tube is plnced 225 23 grains (14'&9 grms.) chloride of silver in 
powder; this constituteb the electrolyte : above tfie chloride of 
silver is poured a solution of common salt coiituining 25 <;ramme8 
chloride of sodium to I litre (1752 grains to I gallon) of water, 
to within about I inch (2*54 ceutiuia.) of the cork. The con- 




nection between adjoining cells is made by posning a short piece 
of india-rubber tube over the 21 no rod of one cell, and drawing 
the silver wire of the next cell through it so as to press against 
the zinc. The silver rod '\* surrounded by a tube of vegetable 
parchment, rp, to prevent it touching the zinc. The closing 
of the cells by means of a cork prevents the evaporation of wat«r, 
and not only avoids this serious inconvenience, but ulso con- 
tributes to the effectiveness of the insuktion. More water can 
Ije added through holes in the corks closed by plugs, pp. 
The tubes are grouped in twenties in a sort of test-tube rack, 
S S', having four short ehonit« feet,//" (fig. 71), and the whole 
placed in a cabinet (fig. 72), 2 l"t. 7 in. (78-74 eentims.) high, 2 a. 
7 in, wide, and 2 ft. 7 in. deep, the top being covered with ebonite 




EUctro-Kinelics. 
a working witU the apparatus, whicli is tlius placed 



n it as nil iasu]at«d tiible. 





Fig. 73. 

Dnuiell's (gravity) battery, was Tound to be as 1'03 to 1,' its 
internal rcsiatance 70 ohmst per cell, and it evolved 0214 cub. 
centiin. (00131 cub. incbes) mixed gas per minute wben passed 
through a mixture of 1 volume of sulphuric acid and S volume? 
of water in a voltameter J having a resistaacc of 1 1 ohms. The 
strikiiig-distanee^of lOSOelemeutsbetweea copper wire terminals, 
one turned to a point, the other to a flat surface, in air is -^ 

• Sec p. 213. 

* SeoCliBptorXXXVIII. 
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inch (0*096 millim.) to y^ inch (0 1 millim.). The greatest 
distance through which tlie battery-current would pass con- 
tinuously in vacuo was 12 inches (30'48 centims.) between the 
terminals in a carbonic acid residual vacuum. This battery has 
been working since the early part of November IS 74, with, 
practically, a constant electro-motive force/'* 

Foooendorf's Ckll. 

The following description is taken from M. Niaudet's book on 
batteries.f I have no practical exi)erienee of the cell. 

The form of the cell is the same as tliat of Bunsen's. A carbon 
rod is placed in the porous cell, a zinc cylinder in the outer one. 

In the zinc cell is a mixture of 12 parts by weight of sulphuric 
acid to one of water. 

In the carbon cell is a mixture (by wei<^ht) of 

100 parts of water, 
12 „ ,, bichromate of potaMh, 
25 „ „ sulphuric acid. 

This cell is said to have a very large electro-motive force, 
greater than that of Grove, double that of Daniell. J 

Byrne's Cell. 

Dr. Byrne, of Brooklyn, U.S.A., has invented a cell where 
the metals are platinum and zinc, and the solution is the same 
as that in the bichromate cell, p. 207. It is connected to a blow- 
pipe bellows, and air is forced through the liquid all the time 
the battery is in operation. This removes the hydrogen. Mr. 
Ladd, who has described the battery,§ mentions that the quantity 
of electricity produced by it is very large. 

I have now, I think, described the principal types of batteries 
in common use. There are, however, an immense number of 
other cells, differing in various details from those we have de- 
scribed — accounts of them all will be found in books on tele- 
graphy, and in M. Niaudet's work quoted on page 218 
above. 

• Written in 1877. 

+ Niaudet, Traiti Eiementaire de la Tile Electrique, 2nd ed., page 
201. (Baudry. Paris, 1880.) 
X See table, pa^e 224. 
§ Keport, Brit Assoc., Dublin, 187S, p. 448. 
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Latimeq Claiik's Standard Cell. 

Oa June 19, IS73, Mr, Latimer Clark communicated to tha 
Royal Society* an account oi' a " Standard Coll," that is, a cell' 
whow electro- motive force \% always constant. Great difficulty 
bad been esperieneed in determining a practical unit of electn 
motive force, owing to the fact that not only are there differences; 
in the electro-motive f'oreea of different ordinary cells, supposed' 
to be of the same construction, but that the electro -motive forcQ 
of the same cell varies from day to day. 

With the " standard cell" it is found that as lon^ as it is noil 
used to produce a current, the difiercuce of potential betiveeo 
poles remnins absolutely constant. The maximum diiferencff 
observed in a series of comparisons between different models of it 
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of the whole electro -motive force, and it appears that even tbi^ 
difference might be accounted for by au accidental diSerenca 

of temperature. 

TKMPEHATrEE, 

Tlie electro- motive force which the cell gives at Xa'^h C. is takea- 
as the standard. 

It is found that the force decreases with increase of tempeta> 
tore, and that the rate of variation for lO" above and below 15' 
is O'lj pcv cent, for each degree centigrade. 

Construction. 

"Tlie battery is foi-med by employing pure mercury as thi 
negative element, the mei-oury being covered by a paste made b/ 
boiling mcrcurOHS sulphate in a thoroughly satunited Bolutiotk 
of zinc sulphate, the positive element consisting of pure distilledl 
zinc resting on the paste. 

" The best method of foiming this element is to dissolve paMJ 
zinc Eulpliato to satuvutiou in boiling distilled water. 'Whei 
cool, the solution is poured olf from the crystals and mised to I 
thick jKiste with pure mcrcurona sulphate, which is again boilef 
to drive off any air; this pnstc is then poured on to the surfaoa 
of the mercury, previously lieated in a suitable glass cell j a pieos 
of pure zinc is then sut-pcndcd in the paste, and the vessel m^ 
be advantageously sealed up with melted paraffin Hax. Contacts 
• Pliil. Tmn.., 1874, p^e I. 



Connection of Cells in Series. 221 

with the mercury may be made by means of a platinum wire 
passing down a glass tube, cemented to the inside of the cell, 
and dipping below the surface of the mercury, or more con- 
veniently by a small external glass tube blown on to the cell, 
and opening into it close to the bottom. The mercurous sul- 
phate (Hg, SO4) can be obtained commercially;* but it may be 
prepared by dissolving pure mercury in excess in hot sulphuric 
acid at a temperature below the boiling-point : the salt, which 
is a nearly insoluble white lewder, should be well washed in dis- 
tilled water, and care should be taken to obtain it free from the 
mercuric sulphate (persulphate), the presence of which may be 
known by the mixture turning yellowish on the addition of 
water. The careful washing of the salt is a matter of essential 
importance, as the presence of any free acid, or of per- 
sulphate, produces a considerable change in the electro-motive 
force of the coU/^ 

Batteries of seveual Celi^. 

We have said that when the circuit is open (that is, when the 
poles are not connected), the pot^jntials of the poles of any cell differ 
by a quantity which is approximately constant for each kind of cell. 
We often, however, require a difference of potential greater than 
can be given by any one cell. This is obtained by connecting a 
number of similar cells " in series,^^ that is, connecting the posi- 
tive pole of one with the negative pole of the next, and so on — 
a number of cells so connected is called a voltaic baffertf. Fig. 63 
is a representation of a Grove's battery of four cells. It is seen 
that the zinc of each cell projects sideways over the next, and 
the platinum of that cell is clamped to it. The only reason 
why the zinc plates are chosen to project rather than the plati- 
num, is the far greater expense of the latter, and the fact that 
owing to their not being consumed, it is only necessary to make 
them of the thickness of writing-paper, when of course they 
have but small rigidity. 

Thus all the poles are connected two and two, except one from 
each of the end cells. These two free poles are called *' the poles 
of the battery.'' 

Their difference of potential is as many times the difference of 

* Mr. Clark has obtained it from Messrs. Hopkins and Williams, 5, New 
Cavendish Streets 
16 
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potential between the poles of a single cell, us there nre cells in 
the battery, i. e., in a battery oF 4 cells, if we suppose the differ- 
ence of potential between two poles of the same cell to be repre- 
sented by the number 10, that between the poles of the battery- 
will be represented by 40; if there are 5 ceils, by 50, and 
so on. 

For let us suppose that the nefjative pole of the end cell (on 
the rt^ht baud in fig. 6^) is connected to the earth; ita 
potential is zero. The potential of the positive pole will then be 
lO. But the positive pole of the first cell is in metallic com- 
munication with the negative pole of the second, and so their 
potentials are equal," and tJierefore the potential of the negative 
pole o£ the second cell is 10. But the common difference of 
potential being 10, the positive pole of the second cell has a 
potential of 20. This is in metallic communication with the 
negntive pole of the third cell, and therefore the potential of the 
positive pole of that cell is 30, and that of the positive pole of 
the fourth cell 40, or the difference between the potentials of the 
poles of the 4-cell battery is 40, or four times the difference 
between the polrs of each cell.f 

* If we condider tiie dlfTerence of potenliul to lake pkce at the contact o( 
tlie uietalr, ■vie must consider tlia potenf.inis of the two mc-tala in tbe lama 
cell to be equni, and tlie above nrgumetit will still bold. 
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B Case op a Gbovs fiitTBBi 



When a Grove'e buttery is much used, it is worth whilu to make special 
Brrangemfuta for keeping It in good order, and to facllitiLte setting it np and 
Uking it to piMfs. The lullowing plan has been adopted witb sueoens by tbo 

The lines are kept in a. larga earthenn-are " crock " fall of water, in whiuti 
a large qaanl.ity of common noda has been dissolved. Tbe vlnmpa are kept in 
a jam-pot full of tbe eume. The poruiiB cells are kept in a, Urge crook full of 
pure water. 

On eommeticing to set up the biittery, as ninny porous cells as are wanted . 
are taken out of the wnter and set wrong side np to drain. The ebonite cells 
are then about half. filled with dilute sulphuric acid. Tbe zincs are taken out 
of the soda, and the face a^inut nhiuh tbe platinum is In be pressed is dipped 
(without rinsing) for a few moments in dilute atlid, and then into mercury, 
and robbed with an old tooth. brueli. 

Tbis produces a dean metallic an rface. The surfaces of the. two nitlclampa 
are treated in (be same wuj. The zincs are put in to tbe ebonite oells, uid 
the porous cclU filled with strung nitric acid and placed inside tbe zincs. The 
piatinumi are put in and clumped as in fig. G3. and the ebonite cells filled up 
witb dilute aolphurio acid. The battery is now ready for work. It moat 
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Effects of tub Electkic CcBBSin'. 

IIeatinq Ekfkcts. 

The electric current heaU the wire§ in which it pacses. Tlie 

amoant of heating depends on the lenjrth, thickneee, and nature 

of the wire, and on the strength of the current. See Chapter 

XLIt. 

CllEUlCAL EfFKCTS. 

The electric current, when passed through certain Bolutioiu of 
compound chemical substances, decomposes them into their com- 
ponent elements. These actions will bo treated of under tht> 
heading Electrolysis. See Chapter XXXV[II. 

Magnetic Effects. 
The magnetic efFeLts of the current will be treated of in the 
next chapter. 

COSVESTIONAL SlON. 

To save repeating pictures of 
the battery, the conventional sign 
(tig. 7^) is used in the diagrams; -f* rl 1 I 
the thin and thick lines represent- .^-^ 
ing respectively the zinc and other 
plates, and the number of them the ^'s- J^' 

nnmber of cells. 

not be placed in the phyBicil laboratorj, bat in a s^parale batt«rj-room, as 
the fames are both poisononi, snd injarious bi iniitrument«. 

Iq taking the batlfry to pieces, tlie clnmpa are thronn first into their jar. 
Then the pUtinnms are rinBMlundera tup, and placed, vithout wipinfr, in their 
box. Then the parous ceils are emptied into a battle prorided with a large 
funnel and put into !he water jar, and tben the zinca put into the soda. Th* 
Eulpharic acid is left ia the ebonite cells. 

As all the operations cif taking dovn a batter; can be done with one hand. 
much time maj be saved bj working at two cells simnltaneouslj irith tbo 
two hands. A skilful operator should be Hble to set np a 10-cell Grove's 
batterj in abont six minutes, and lo take it down in about a minute and 
a half. 

There is no cconom; in purchasing small cells, ns with them the acids can 
seldom be used more than once, nhcrras, with large ones, thej can be used 
foar or fi'a times. " Quart cells," with platinums 6 inches by 3 inches, are 
the best sixe. 

Hew lines will require smatgarnating eierj daj for 4 or 6 dajs; after 
that abont once a fortnight till the; are worn out. if possible tbe instrument 
maker iboold be persuaded not to put any paint on them. 
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ElECTEG -MOTIVE FOECJfiS OP VARIOUS CeLLS. 

The following table is given by M. Niaudet,* and compares 
the electro-motive forces of all the different cells described in 
his book. The volt is the common unit of electro- motive force 
(see vol. i., page 245) . I have reduced the measures of sulphuric 
acid from parts by weight to parts by volume. 

Electho-motive Forces. 



Daniell 


Zinc amalg. 


Snlpharic acid, 7\ 
tol 


Satnrated solution 
of copper sulphate 


Copper 


Volts. 
1079 


f» 


If 


22fcol 


>i 


ti 


0-978 


»* 


II 


fi 


Nitrate of copper 
saiurated 


II 


1-000 


i> 


II 


11 


Sulphate of copper 


II 


0-900 


(» 


If 


Salphate of zino 


1 

>i 

1 


II 


0-956 


t» 


II 


1 part common 
Bait, 4 parts waier 


1 »» 

1 


(1 


1000 


Grove 


II 


Sulphuric acid, 7| 
tol 


Nitric acid ((hming) 


Platinum 


1*956 


f* 


II 


Salt water 


Nitric acid, sp. gr. 
1-33 


» 


1*904 


tf 


ft 


Solphuric acid, 22 
tol 


II 


If 


1-810 


»t 


•1 


Salphate of zinc 


»i 


n 


l-e7S 


Bansen 


It 


Dilnte Bulphuric 
acid 


' Nitric acid 

1 


Carbon 


1734 


. Callan 

1 


11 


II 


» 


Cast iron 


1-7O0 


1 

: Poggenflorf 


II 


II 


Chrome mixture 

1 


Carbon 




1 Marid Davy 


II 


Sulphuric acid, 22 
to 1 


1 

Paste of sulphate 
of mercury 


•• 


1-521 


II 


II 


Dilute sulphuric 
acid 


!• 


•I 


1-33 


: Lcclanchd 

1 


n 


Solution of eal Binoxide of man- 
uuimuniac guiit-Mu 


>• 


1481 


Do la Ruo 


Ziuo 


Chloride of silver 


Silver 


1*069 


Becqucrol 


Zinc amalg. 


Sulphate of zinc 


Sulphate of leafl 


Lead 


0-55 


Niaudut 


II 


Common 8nlt 


Chloride of lime 


Carl>on 


l-GS 


Duchcsnin 


i» 


II 


Perchlorido of iron 


Lead 


1541 


II 


Platinum 


Dilute sulphuric 
acid 


Dilute sulphuric 
' acid 


Platinum 


1-79 


Plants 


Lead 


II 


1 
! 


Lead 


2-5 


Lntimor Clark, 
Stundaid cell 


Zinc amalg. 


Sulphate of zino 


Paste of sulpha' e 
of mercury 


Mercury 


1-457 



Porous Cell. 
• Pile Elecfrique^ 2nd ed., page 256. 



CHAPTER XIX. 

actions of currents on mau nets— commutators — 

galvanometers. 

Action on Magnets. 

Let a compass needle be suspended either on a point, or by a 
thread, and let a straight wire be brought near it, parallel 
to it, and above it (fig. 74). Let now a current be sent through 





Fig. 74. Pip:. 76. 

this wire. The needle will he deflected , i. e, if- will iahe up a 
posifion making a certain angle with the wire, which angle will 
increase as the strength of the current increases. IF the direction of 
the current be reversed — i.e. if the battery l>e turned round so 
as to bring the opposite poles to the ends of the wire — the direc- 
tion of the deflection w^ill be reversed. If the direction of the 
current be kept the same, and the wire placed below (fig. 75) 
instead of above the needle, the deflection will be reversed. If 
the direction of the current be reversed, and the wire placed 
below the needle, the deflection will be twice reversed, i. e. it 
will remain the same. 

If now the wire be bent round the needle (fig. 76), the action 
of the bottom piece will cause the same deflection as that of 
the top one, for it is below the needle, and the current is in the 







Fig- 76. Fig. 77. 

opposite direction, and so the action on the needle is greater 
than that of either portion singly. It maybe bent again and 
again (fig. 77), and the effect is always to increase the deflection. 
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A cuireut in a certain direction always deflecti the marlEed 
end of the needle in the some direction. We will see which 
direction this is. 

We suppose the current to flow from the positive to the 
negative pole of the battery. 

Esperimeiit will eliow us that if we imagine a little man 
swimming in the current with his face always turned to the 
needle, the north-pointing' end of needle will always be deflected 
to his left hand. 

An examinatiou of the diag^rams (Plate XX.) will make thia 
clearer than any explanation. 



COMMUTATOBS. 



We have hitherto supposed that, when we change the direction 
of the current, ive unscrew the wires and turn the battery round. 
In practice an instrument called a cominiitator is used to save 
doing this. It is made in many forms. We will only now 
describe some of the Bimplest, and allude to others when we 
come to experiments requiring them. 

The simplest form (figs. 78, 79) consists of four thick quadrants 
1^ of brass, screwed upon an ebonite base, so as 

1^9 just not to touch each other. Four holes are 

^^^B^k_, drilled at the division lines, each of which 
^^^■pE^s makes two nearly semicircular holes opposite 
^^^^KuJKK each other. Into these, brass plugs can be 
^^^^^^^m put. When a plug is put in between any two 
Fig. 7B. EinaUun. quadrants, an electric current can pass from 
one to the other through the plug. Two plugs are used, 
and are both placed in one or the other diameter of the 
circle of quadrants. The two battery wires are attached to two 
diagonally opi»eite quadrants. The two ends of the wire through 
which we wish to send our current ar« attached to the two other 
quadrants. 

If now the plugs are placed as shown in fig. 79, the i 
reader, if he will trace the course of the current, will see that it 
flows in the direction of the arrow, while_, if the plugs are put in 
the other holes, it will flow in the opposite direction. If either 
plug is taken out, the current will ceiiRe altogether. 

The next form (figs. 80, 81), though more complicated, is le*^ 
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trouble to use, and, in usin}r it, it is easier to nmembcr in 
which dirwliun the current ii ^oing-. 

On a mahogany base is an ivory roller supported OB tno bmsB 




uprights. The axis of the roller ib of brass, but is made in two 

pieces which do not meet in tlic middle. At opposite ends of n 

_ diameter of the rotter, and on ils (.'ireumference, are lixcd pieces of 




nnectfd respectively to the two ends of the axis by brass 

KpinB inside the roller. Wires from the uprights pass under the 

e to tvo binding screirs at one end of it. If now battery 
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wires are fixed to those bincling screws, then the brass plates 
fiKed on the roller are in metallic comrannicatioii with the poles 
of the hattcry reepectively. An ivory haiidlcj by whicb the 
roller can be turned half round, is attached to one end of the 
axis, parallel to the line joining tbe plates, so that when the 
handle is vertical, one plate is directly over the other. Fixed on 
the base, and coming up on eacli side of the roller, are two bras» 
springs, which, by wires under the base, are attached to two 
other binding screws at the other end of it. To these latter are 
attached the ends of the wire through which the current is tn be 
Bent, We now see that when the handle is vertioil, or nearly 
vertical, as in the elevation, no current can pass j but when it is 
horizontal, as in the plan, the metal plates on the roller press 
upon the springs, and a current passes in the direction of the 
arrow. If now the handle be turned so that it lies bonzontally 
in the opposite direction, each plate will press on the spring 
opposite to that which it touched before, and the current will flow 
in the opposite direction. If the reader will trace the course of tbe 
current for himself on the plan, he will get a clearer notion of the 
working o£ the instrument than can be given by any explanation. 

This commutator is a particularly convenient one for those 
branches of experimental work where alternate deflections have 
to be observed, for the battery wires cau be so adjusted that tbe 
spot of light,* or the marked end of the needle, always travels in the 
direction in which the handle points. It is not, however, suitable 
for experiments where a sudden breaking of contact is required. 
Spkino Ketts.— Figs. 82, 83. 

When a sudden make or break is leqnired, " spring keys " are 




used. They may be either simple contact keys, ns tig, 82, or 

reversing keys with double springs, as fig. 83. In the laltcr, the 

• See vol. i. page 23S. 
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coDtacts are so arranged that^ if one spring is pressed down, the 
current goes in one direction, while, if the other is pressed down, 
it goes in the other direction. Both keys are provided with a 
means of holding the springs in contact when required. 

Rapid Commutator. — Plate XXI. 

In certain experiments it is required to reverse currents very 
rapidly. For this purpose the arrangement of Plate XXI. has 
been used. An ebonite frame carrying two wires of the shape 

1"""^"^^ oscillates above an ebonite plate, near the corners of 
h which are four holes containing mercury. The bat- 
tery wires are connected to the two oscillating wires respectively. 
The holes are joined diagonally, and each pair is connected to one 
end of the wire through which the current is to be sent. An 
examination of the plate will show that^ when the ends h dip into 
the cups, the current will flow in one direction ; and when the 
ends a dip, it will flow in the other direction. The oscillations 
are produced by a rod attached to a crank in the axis of a little 
electro-magnetic engine.* The speed is regulated by a friction 
brake, consisting of a loop of silk passed round a pulley on 
the axis, and attached to an india-rubber band, which can be 
tightened by turning a handle. This apparatus is useful for 
currents of high potential, and will easily give thirty revertials 
per second. It is the *' secondary reversing engine ^^ used by the 
present writer in his experiments in specific inductive capacity 
(vol. i. page 113). Numerous other forms of rapid commutators 
are used for difierent purposes. 

Galvanometers. 

We have spoken of the different strengths of the currents 
produced by various batteries ; we will now give an account of 
some of the methods used to measure them. 

The instrument most commonly used to measure currents is 
called a *' galvanometer.'^ 

Galvanometers may be roughly divided into two classes — 

(I.) Those used to measure strong currents. 

(:J.) Those used to detect feeble currents. 

The latter class are of great importance, for we shall see that 
most measurements of resistance are determined by a balancing 
of currents, such that, when the equilibrium is complete, no 

• See Chapter XL. 
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current sliuU pass; und, thereforej it is important to detect even 
the feeblest current. 

The Tangent Galvanometkr. 

Among tlie firet cljisa the Tangent Gnlvanometer stands 
pre-eminent. 

'In its simplest form it consists of a large vertical ring of 
copper wire, in the centre of which is a small compass needle. 
When the instrument is used, it is turned 80 that the ring Hos 
in the magnetic meridian, and therefore the needle lies in the 
plane of the ring. When an electric curi-ent is sent round the 
ring, it deflects the needle (page 325). Now, when the ring 
large and the needle small, we can, in our calculations, neglect 
the difference of the distances of the various parts of it from the 
ring, i. e., we can consider the force acting on each part of it as 
equal to that acting at the centre of the ring. 

The force/' whiuh a given current flowing in a circular 
exercises on a magnetic pole of strength m at its centre is equal 
t« the strenijth of the pole multiplied by the strength of tba 
current, multiplied by the length of the arc and divided by the 
square of the radins or distance of the wire from the magnet — 
-_ lmG_ 

where I is the length of the arc and a the radius. 
When the are forms a complete ring the force is 

As soon as the current passes, a couple.f whose arm is the 
length of the compass needle, and whose forces are proportional 
to the strength of the current, begins to act on the needle. 



Let B O A (fig. 84) be the needle, and let its length be 2 I, and I 

• FoTtlie circumferwifc ol a circle in 2 ir times the radius, 
t See vol. i. p. 149. 
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let its pole be of strength my so that tlie force exerted by 
any magnetic force on it is equal to m times that force ; then, 
when first the current begins to act, we have a couple whose 

moment is 2 /m C %,e.y it is proportional to the length of 

the needle multiplied by the strength of the current. In these 
calculations it is, however, usual to consider only one half of the 
needle ; then the moment of the couple acting on each half of 

the needle is Im C or half the whole couple. 

a 

Now the needle begins to move and is deflected through a 
certain angle, it may be 5°, 10^, or 50° — let us call it 8°, and 
then the same calculation will do for all experiments, and we 
can substitute the number of degrees observed in each experiment 
for S in the final result. 

Then the moment of the couple which the current exercises is 
less than before, for the direction of its force, which is perpen- 
dicular to the meridian, meets the meridian say at h (fig. 85). 



5- 
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The arm of the couple is then no longer equal to O A, but only 
to 05, and the moment of the couple is — m C. Oi, or is pro- 
portional to the strength of the current multiplied by the 
length Oh. 

But, now that the needle is deflected, the earth's horizontal 
force, which we will call H, is acting in a direction parallel to 
the meridian, tending to pull it back into the meridian. This 
also forms a couple tending to turn the needle in the opposite 
way to the current. Its force is Hot, and its arm is evidently 
equal to the length O^, that is to Ad; its moment is then 
H«. A4, or is proportional to the earth's horizontal force multi- 
plied by the length Kb. 

Now when the moments in opposite directions are equal, the 
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needle will come to rest, lliut is, when the iicedlu 
two couples are equal, i.e. 

H-I C m Oi = H m A6, 
uliiuh gives us — 



l-''-C=H 



kh 



i. e. tlif strength of the current is proportionsil to the earth's 
horizontal force multipliiil by the ratio of Ai to 06. 

We see thut the length and strength of the needle makea 
110 dilferencej for it cancels out. And it is known hy trigo- 
nometry that the ratio of A5 to OS depends ouly on the angle 
S which the needle makes with the meridian, and not on the 
length of the needle or anything else. 

This ratio is called the tangent of S, and is always written tan S. 

We see that the ratio increases when S increases. In books of 
mathematical tables the values of tan S will be found, cftlculuted 
for every value of 8, from 0° to yO°. 

We have now finally for the strength of the current — 
C = H tan a ^ 

— that is, the current equals the horizontal component of the 
earth's magnetism, multiplied by the tangent ot the angle of 
deflection, multiplied by a constant which is determined by 
measuring the galvanometer ring. 

Thus, to find the strength of a current, we look in a magnetic 
I'hart for the strength of the earth's magnetism at the place. 
We then send tlie current through the galvanometer, and 
observe the angle of deflection, look lor the number corresponding 
to that angle in a table of tangents, and, multiplying the two 
together (II tan 8), and by the constant -—, wo have the strength 
of the current.* 

* Action of a CiBCULta Cdbbent oh 1 Coufabs Nbesli at its 
CEKTitK,^i':o. SO. 

General Case:— 

Lift tbe compana ncedip he Tree tu move onlj in a lioiizont&l plane. 

Let tlieplftne of Iheringmuke an angle 8 with the vertical, and let a be Uit' 
hai'ixontiil angle thruugli wliivli the cteJIe ivoiild have to be luniisl to bring 
h tnim the niHgnetic meridian into tbe plane of the ting. 

Let (J be the current, H the lioiizi-ntjil [i)mponentof the earth's force, a tha 
radiuB of the ring, S the angle which the needle makea wilL t!ie ineridiau 
when at rett under the joint actiotiii of Ihe earth and cunt- at. 
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' The single ring is the simplest form of the galvanometer, but 
it is not suited to accurate work, owing partly to the want of 
security as to the ring remaining perfectly plane and rigid, and 
partly to the comparatively high ratio which the irregular action 
of the connecting wires bears to the regular action of the ring. 

Then the couple tending to bring the needle to zero is 

II sin d Im. 
The couple tending to deflect it is 

2 IT 

— C cos B co« (angle between ring and needle) Im 

2 IT 

= — C cos ^ co« VS 4- a) Im 

a ^ — / 

(the sign of a dei)ending on the direction of the current) 



2 — 

•=. — C cos 6 {cos d cos a 4. sin d sin a\ Im 

.•.C = H ""* 



COM B }cos d COS a 4* sin d itin a 



a 




Particular Cases: — 
(1) Ring horizontal — 



Fiff.M. 



^-2 



cos ^ = 



makes C = oo except when d := 

or, it would require an infinitely strong current to produce any deflection. 

(2) Eing vertical — 

^ = cos d = 1 

makes C = H i —— : — 5—: — • «-- 

cos o cos a -\- sin o siu a J n* 

(3) Ring vertical, and in the magnetic mexidian (tangent galvanometer) 

^r=0 a = 

008 d =: 1 COS a =: 1 sill a =: 



makes 



= H »il!4_f_ = II tan a ^H.. 
OCW sir sw 
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The following is a better form of the insfruraent (fig. 87) : — 

Two rings are used, one on each side of the needle, 80 placed 

that the centre of the needle i^ nt the centre of their eommon 




axis (oT line joining their centres), and that this line, when 
iriBtrument is adjusted, is at right angles to the mag^ietM 
meridian, i. e., lies magnetiu E. and W. The rings are madff 
of wood, and the wires are wound on them. The section of i 
ring is as in fig. 8S. In a groove at the outside is a mossiTS 
copper ring, which is used only for rough experiments with very 
powerfnl currents. The rings on each side are connectei 



(4) iiing ID tlie magnetic meridian but not vertical — 
a = c(»ia = l ein a =0 



C=H - 



= H'^ 



CUB 6 C. 

A gBlvHtirmieter. of which the ring cnn be turned round a horiinntal azUm 
hr to mnke am^aiarvd angle 6 with the vertiial, has been constructed for till 
nicasur^ment of very powerful ciirri^illB, and is calleil the uoitne galvanometeiv 
The above formula is used with it. With ft given current the deScctiun c 
be made as Email as we please by increasing 0. 

(6) Bing Tfrtital, and east and west — 
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that the current goes in the same direction through each. The 
inside of each ring is turned so as to make part of a cone, such 
that, if it were continued, its apex would be at the centre of the 
needle. On this three coils of wire, of respectively 3, 9, and 27 
windings, are laid; they are, of course, covered with silk or cotton 
to make the current go round and rounds instead of merely across 
from one wire to another. Each winding produces its own effect 
on the magnet, and thus with a current, such that its effect when 





Fif;. 88. Fig. 89. 

ill the single ring is unity, we can produce an effect on the needle 
equal to 3, 9, or 27, or any combination of the sums or differences 
of those numbers. 

When there are n windings, the equation for the tangent 
galvanometer becomes 

C = H tan --^. 
2 n TT 

The reason for winding on the cone is that the solid angle 
subtended at the needle by each winding is the same, which elimi- 
nates the error caused by the needle not being indefinitely short. 

The needle is a short pointed one with a piece of agate let in 
to the top of the cap where it rests on the pin, while to allow a 
larger divided circle to be used, a light aluminium needle is 
attached to it (fig. 89). 

The needle is arranged so that the points of the aluminium 
needle are as nearly as possible in the line of magnetization. 



makes 



C = H 



Bin d a 



sin d 2 IT 

But in this case there can be no deflection, an C acts in the same direc- 
tion as H ; and, therefore, 

d^O and sin d =:0; 



and 



C_H„» 



which is indeterminate ; or, with the ring in this position, the needle gives 
no inibrmation about the strength of the current. 



nf> 
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Any error in this adjiiBtment is, however, corrected by taking 
alternate readings with tlie current in opposite directii 
one reading will then be aa much too great as the other is too 
small, and the mean will be the true reading. 

Let us take an extreme case as an illustration, and supposti 
that the acgle between the magnetic axis of the needle and the 
line joining the points is \°, and let iis suppose that the current 
causes a deflection of 30° of the magnetic axis (fig. 90). Then 
„ the reading in one direction will be 29° 

and in the other 31°. The mean is 30*, 
thti true deflection ; and we see that to 
determine this does not reqnii-e a know- 
ledge of the angle between the direction 
of the pointer and the magnetic asiti of 
the needle. This can, however, be easily 
obtained if wanted, for it is evidently 
hulf the difference between the two 
readings. (Compare vol. i. page 179.) 
supported on three levelling ecrews, and the 
base and suppuvliug pillar are connected by a pivot, which enables 
the latter to be turned round so as to adjust the circles in the 
meridian. 

Sensitive Galvanometebs. — Astatic Needles. 
Under the head of tenaitive galvanomelert come all those used 
for detecting or measuring feeble currents. The at/a/ie titetlUle au 
arrangement used in most galvanometers of this sort to diminish 
the earth's couple, while at the same time it slightly increases the 
couple of the current. The needle consists of two magnets, 
almost, but not exactly, of the same strength, connected together 
liy a rigid bar, with their similar poles in opposite directions. 
They are not pivoted, but are bung by a silk thread. The 
marked end of the stronger mngnet will point to the north, but 
if the combination be deflected by any means, the couple tending 
to bring it back to the meridian will only he the difference ol 
the couples exerted by the earth on the two magnets respectivelv. 
The coil of wire through which the current passes has an opening 
left near the centre of the top side, and the connecting bar of th« 
magnets passes through it. One magnet thus hangs inside tha 
coil, and the other just above it (fig. 91). A reference t» I 
Plate XX. will show that the actions of the top and bottom of \ 



i 





Astatic Galvanometer, 

tlie foil on tbe lower noeille are in the eame direction, while, thongli J 
ibe actions oo the upper ne«dlc are in opposite directions, that of J 




the top of the coil which is nearest, and thererore most powerful, 
is in the same direction as those on the lower one. 

In sensitive galvanonietcrs the current goes many, often 
ral thousand, times round the needle. The wire is wound on 
a flat reel of the form shown in fig. 92. K Utile tube a is fixed 
to it, BO as to leave an opening for the axis of the needles. 



^t 




The indicator, which moves over a divided circle, is of course 
attached to the top needle, which can he Bten. The ordinary form 
of the astatic galvanometer is shown in fig. 93. 

We see it consists of au astatic needle suspended in n coil of 
wire, which, according to the purpose for which the galvanometer 
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ie required, consists either of a few turns of thick, or of many. 
turns of thin, wire. The needle is euspended by a fibre of iinspuQ 
silk attached to a brass support, A glass sbadd protects it fi 
currents of air. Through a hole in the top of the glass shade 
projects the top of a sliding piece, to which, and not direct! 
the fixed support, the upper end of the fibre is attached. Thi« 
enables the needles to be lowered upon thocoils.so us to take the 
strain off the silk fibre when moving the instrument. A divided 
circle on a card is fixed to the coil, and cirde and coil can ba' 
turned through 3(1° or 40'* on a pivot, so as to adjust them to the 
meridian of the needle. Sometimes a mirror like that described 
for the reflecting electrometer is fixed to the noedle, and allows 
the galvanometer tjo be used with a lamp and scale. Thi; 
particularly useful for lecture purposes. 

With the aid of a lime light, the author has made the move- 
ments of a very small needle visible to 500 people at once. A 
disc of light six inches in diameter was thrown on a screen, and 
a deflection of 1° or 2° moved it several feet. The needle wag 
about two inches long, and the miri-or \ in. in diameter. But 
when a mirror galvanometer is required for accurate work, one 
of Sir \Vm. Thomson's forms is always used. 

SiH Wm, Thomson's Reflecting G.*LVA^osIETElts. 
Flare XXII. 
Tlie optical principle of these galvanometers is precisely the 
same as that of the reflecting electrometer (vol. i. pageSS). Theae 
galvanometers are sometimes made astatic, 
sometimes not. The mirror is usually less than 
\ in, in diameter, and is very thin. In the 
iionastatic fi>rm (fig. 9i)the magnet, or rather, 
ipgnets, for several are gcnemlly used, am 
cemented to the back of the mirror, and are 
usually about \ in. in length. The whole 
system of magnets nnd mirror weighs less than 
1 grain. The object of having several magnets 
s to get the maximum of magnetization* with 
he minimum of weight. The mirror and 
magnets are hung by a single fibre of unspun 

• TbiB ii mjaired becauae the more hi);l]lj tlie noedle is m.igtietized the 
more rapidly will it mme to rest aHer UeiDg Mt swinging. 
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silk in tlie centre of & eircnlar coil of wire, which is enclosed in a 
brass cylinJer. Tlie front end of the cylinder is closed by a 
glass plate, the bnck by a brass one, in the centre of which is a 
smalt disc of plnte glass, through which the mirror can be seen. 
The cylinder is Biiiiported horizontally on a tripod stand, each 
lew of which is furnished with a levelling screw, by which 
the apparatus is adjusted until the mirror is aeon to swing 
clear. 

To avoid the inconvenience of having t« place the apparatus 
always in the magnetic meridian, a large curved magnet feebly 
magnetized is supported horizontally on a vertical stem, fixed to 
the top of the case. 

The magnet can be turned by baud on the bar on which it 
slides somewhat stiffly; and by its directive force makes an 
artificial magnetic meridian in any desirtd direction. A fine 
adjustment is obtained by moving the 
Btem itself by means of a tangent screw. 
The magnet can also be slid up or down 
tlie stem so as to act more or less power- 
fully on the sus]>cnded magnet. 

The scale and lamp arrangement (fig. 
13, vol. i. page US) is precisely the same 
as that used with the electrometer already 
described, except that instead of a wide 
opening with a line across it, a narrow 
slit making a bright vertical line of 
light is generally used. This gal- 
vanometer is made sometimes with a 
short thick wire, sometimes with a long 
thin one. 

In the astatic form (fig. 95 and Plate 
XXII.), which is used only with long 
wire galvanometers, each needle is sur- 
rounded by its owa coil of wire. The 
current of course goes opposite ways 
these two coils. The coils are sometimes 
enclosed in a vertical cylinder of glass, 
as in fig. 95, and sometimes in a square 
glass case, as in Plato XXII. As the magnet and miri-or system 
is necessarily somewhat heavier in this construction, an aluminium 
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fan is Bomctimes attached to it tn check its vibratioDB, 
other details are similar to those of the tripod form. 
The Marine Galvanometeb. — Fia. 96, 

This instrument is used on board ship in laying: telegruplu 
cables. Its needle, instead of being suspended, is strung on s '■ 
fibre secured at top and bottom. A large permanent magnet is 
fijted near it in the case, so that the meridi;in has a sensibly con- 
stant direction with regard to the ease. For a fine adjustment 
two sliding magnets with their opposite poles turned towards 




the needle, .ire connected by a cog-wheel {fig. 97). When t 
poles are equidistant from the needle, they produce no effect, but 
by turning the wheel to the right or lell, one or the othei 
be made to preponderate. They are contained in the horizontal 
tube seen on the left of fig. 96. Escept the small window through 
which the mirror is observed, the whole of the case of the iDr 
strument is of iron, which almost entirely destroys the effect* | 
of external magnetic forces. 



Baijs 
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When a quantity of electricity is instantaneously dischargejl 
through a galvanometer, the quantity can be calculated from ttnl 
limits of the firet swing of the needle. 

It can be shown mathematically that the quantity of electtb 
city which passes ia, if the air offers no resistance to the motioi 
of the needle, proportional to the sine of half the an 
swing,* 

In order to diminish the resistance of the air as mucli a 
sible, a " halUth gahanomeler" has been. used. 

• Maiwell. " Electririlj." 749, toL ii. p. 346. 
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The difference between a balistic and an ordinary galvanometer 
is this : — In the former, it is desired to bring the needle to rest 
as soon as possible ; in the latter, where the limit of swing is tho 
cjuantity to be observed, it is desired to check or "damp'' the 
swing as little as possible. 

The following form of the instrument has been contrived by 
Professors Ayrton and Perry.* 

One of Elliott's high -resistance reflecting galvanometers (Plate 
XXII.) was used, but the needles were removed and replaced by 
the following arrangement :— 

Forty small magnets of varying lengths were prepared, and, 
liaving been magnetized to saturation, were built up into two 
little spheres, in each of which all the magnets pointed in the 
ssamc direction. The spheres were completed by segments cut 
from a small hollow leaden ball. The two spheres were rigidly 
connected so as to form an astatic combination, which was 
suspended in the ordinary manner. 

With this arrangement great sensibility was obtained, and the 
air offered very little resistance to the motion of the needles. It 
was found that the ratio of the first swing to the second was 
only 1*1695, a number which is sufficiently near to unity to allow 
a simple correction to be applied for the damping effect of the 
air. 

DlPFBEEXTIAL GaLVANOMETEE. 

For comparing the strength of two currents galvanometers are 
sometimes made with two exactly equal coils of wire, round which 
the currents can be sent in opposite directions. When the cur- 
rents are equal there is no deflection of the needle. 

Such an instrument is called a " Differential Galvanometer.*' 

* Report of the British Association, Dublin, 1878, page 487, and Phil. 
Mag., 1879, i. p. 277. 
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CHAPTER XX. 

ELKCTBIO &BSISTANCB AND BLECTBO-UAONltTIC UMTS. 

No Ijodios are perfect conductors of electricity; all ofiVr resis- 
tance to its pass-ifje. 

Ouu's Law. 

Oiim's Law, which is tlie ftiutidation of modern electrical 
mensuremcnt, is tliis- — 

The ilrenglh ufthe eurreut iu a wire or alher conductor ii direcUy 
fiToportional h the difference of potential defween itt end$, and 
invergeli/ pTojiorlional to if* retiitance. 

TiiQ difference of potential at the ends is usually culled " the 
electro -motive force." The identity of tiie two expressions is 
obvious from our definitions on page 26 of this volume. We 
may thus say that the strength of the current equals the electro^f 
motive force divided by the resistance. 

Briefly, if C bo the strength of a current, E the electro-motifl 
force, and r the resistance of the circuit, we have 



(1) 



(2) 



., electro -motive force equals current multiplied by rcsistanco- 



i. e., resistance equals electro- motive force divided by currenr. 
Electro- Statio Mbasdre op Cureest and Resistakcb. 

If we have two conductors at different potentials, and connect 
them by a wii-e, there will be a flow of electricity or a cnrrent 
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along the wire; and if the electro-static unit of quantity, as de- 
fined ou page 53 of this volume, passes in each second, the 
strength of the current (in electro-static measure) is said to be 
equal to unity. 

Now let us call Q the quantity of electricity, as defined on 
page 53, conveyed by a current C in a time /. Then Q equals the 
strength of the current, multiplied by the time for which it lasts, 
i.e., Q = C/ (4). 

In the same way the quantity of water which flows t.hn>ugh a 
tap equals the strength of the stream multiplied by the time for 
which the tap is left open. 

By Ohm's law the unit of electric resistance is in electro-static 
measure such that, with any number of electro-static units of 
difierence of potential, the same number of electro-statio units 
of electricity will pass through the resistance in one second ; for 
we see by equation (3) that r is unity when E = C. 

Also from (1) and (4) we have 

Q = ^ (6) 

T 

^-H («) 

Hence, the resistance of a conductor,* measured in electro-static 
measure, is equal to the time required for the passage of a unit of 
electricity through it when unit difierence of potential is main- 
tained between its ends : and — 

-. .. Time X Electro-motive force X 

Kesutance ^ -^ —r.r .y 

Quantity 

Electro-Magnetic Measures. 

Before studying the electro-magnetic measure of resistance it 
is necessary to consider the electro-magnetic measures of quantity 
and potential 

Electro-Magnetic Measure of Current. 

In the description of the tangent galvanometer, we found that 
the strength of the current, as measured by the tangent galva- 
nometer, is given by the following equation : — 

C = Htan«siL. 

• For B.A. unit of i-cBistance, see Chap. XXVI. 

t Everett, ** Units and Pliy«ical Constants," p. 130. 
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The nnit of current Btrength is got by patting C = 1 in the 
rq nation, 

C = H tan a --.°— 
— tliat is, it is the current which will give a deflection S when 

Praihrn. — Assnming the earth's horizontal force to have it» 
present average value at Greenwich of ■1794, what deflection 
would a unit current produce in a single ring tangent galvano- 
meter with a ring \ a metre diameter? 

"We have n = 1, it = 3141<5, H = -l?!)!, « = 25 centims. 
Heiice, 

tan a = - ^ 3-1416 
•25 X -1784 
which corresponds to an angle of deflection of 
a = 51^ 6'. 

ElECTKO-MaONETIO MeASUUG op QUANTITT. 

The quantity Q conveyed Ijy a current in a given time is the 
product of the current by the time which it lasts. 

The electro- magnetic unit of quantity is the quantity of 
electricity thnt a unit of current conveys in a unit of time — that 
is, in a second. 

Elictso-Magnetic Mkascrb op Potential, or Electbo- 
MoTiVE FoncE. 

The work done by an electro-motive force E, in urging a quantity 
ofelectricity Qthrough a conductor, is EQ — that is, the work equals 
the quantity of electricity multiplied by the electro-motive force. 

The unit electro-motive force is that which must he maintained 
at the ends of a circuit, that unit cmantity of flectricity may do 
a unit of work in flowing through it. 

Electko-Maosetic Mbasuhe op Resistance. 
"With the help of Ohm's law we can now define the electro- 
magnetic unit of resistance. 

The unit of resistance is an electro-motive force divided by a 

= 1 
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when E = C ; so thai a wire is said to havo unit resistance when 
any electro-motive force acting along it produces a current 
numerically equal to itself. 

When we come to the theory of dimensions we shall be able 
to show that this resistance is a velocity — that is, that the ratio 
of electro- motive force to current is the ratio of a length to a 
time. 

Electbo-Magnktic Measure op Capacity. 

Tlie condenser whose capacity is unity is that which will be 
at unit potential when charged with unit quantity^ or, in other 
words, it is the condenser whose potential will be always equal 
to its charge, both being expressed in electro-magnetic measure. 

Peactical Units — Webee, Volt, Ohm.* 

As some of these units are of inconvenient magnitudes, certain 

decimal multiples and sub-multiples of them are used in practical 

work. 

Quantity — Weber. 

The practical unit of quantity is called the Weber, It is equal 
to -jJjj- the absolute electro- magnetic unit of quantity. 

1 Weber = ,'o C.G.S. unit of quantity. 

Electro-motive Force — Volt. 

The practical unit of electro- motive force is called the F(?/^,and 
is equal to one hundred million absolute units of potential. 

1 Volt = 10» C.G.S. uniU. 

A Latimer Clark's f standard cell has an electro- motive fon*e 
at 15°-5C. of 1-457 Volt. 

Resistance — Ohm. 

The practical unit of Resistance is called the 0/im or B.A, nnif, 
and is equal to one thousand million absolute electro-magnetic 
units. 

1 Ohm = 10» C.G.S. unit«. 

Current. 

The practical unit of current equals -^^ the C.G.S. unit, 

• Everett, " Units and Physical Constanta," p. 137. 
t Vol. i.. page 219. 




246 Ekclro-Kinetics. 

Capacity — Micbokakad. 

The praetic:il luiit of capacity is called the Microfarad. It 
is equal to the one-tliousand-bilHoDth 
part of the absolute electro -magnetic 
unit. 

1 Microfarad = lO-'^ C.G.S. rniile. 
A condenser of one Microfurad ca- 
pacity would contain i/Aoui 300 circular 
sheets of tiufoil separated by mira 
plates, and would he contained in a 
^"^ '*■ box (fig. 08) 3i inches deep, and BJ 

inches diamet^^r.' 

One Farad equals one million Microfarads. 

Relations bktwkrn thb Practical TJMrrg. 

The Wcher or practical unit of quantity is the quantity con- 
veyed in one second by a current due to an electro- motive force 
of one Volt working through a resistance of one Ohm. 

The practical unit of current is a tarrent of one Weber per 
second, and is the current due to an electro- motive force of one 
Volt working through a resistance of one Ohm. 

The Funid is the capacity of a condenser which holds one 
Weber at a potential of one Volt. 

The Microfarad is the millionth part of a Turiid. 

nscrtion of ibe plug counecls tbo tiro coiitiogB and discharges llie 



CHAPTER XXL 

EXPERIMENTAL MEASUREMENT OP RESISTANCES. 

It is found by experiment that, with any given material in a 
homogeneous state^ the resistance of a wire of uniform section 
yaries directly as its length. 

The resistance of a wire of given length varies inversely as its 
cross section — that is, inversely as its weight. 

Therefore, the resistance of a uniform wire of given material 
is proportional to its length, divided by its weight. 

The resistance of different materials varies. For instance, if 
that of copper be represented by 1615, that of iron would be 9827. 

It is obvious that if any arbitrary wire be taken as a standard, 
and the resistances of other wires compared with it, the numbers 
thus obtained will be proportional, but not in general equal, to 
their resistances expressed in absolute measure. 

Certain wires, called resistance coils, are prepared by a method 
which will be described later, so that their resistances may be 
known in absolute measure, and then all other wires are com- 
pared with them. 

Wheatstone's Bridge. 

We will suppose that we are furnished with a set of resistance 
coits, and that a wire is given to us of which we are to determine 
the resistance. We use an arrangement invented by Mr. 
Christie, and called " Wheatstone's Bridge. '' 

We will first describe what may be called the '' lecture 
moder' of the apparatus, as it is a machine easy to understand, 
but inconvenient to work with, and then go on to describe the 
forms in practical use. 

The lecture model (fig. 99) consists of a board on which is 
fixed a " diamond '' of metal strips. At the four corners, A B C D, 
are binding screws, while in each side is a break with binding 
screws at each end of it. To two corners opposite to each other 
are connected the battery wires; to the two other corners, those 
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four Irreaks are put three 
known resistances, which we 
call S, s, and B, and the ua^ 
known one which we call *". 
We then vnry the re^ietauce 
U, and we eball find that 
at one particular value, the 
current of the hattery pro- 
duces no deflectioQ of the 
galvanometer. When this IB 
the case, we have, as we will 
prove immediately, 
lUtio of z to R equals ratio o<- 1 to 6 ; 
fmni wlituh r can be found hy simple proportion. 
TiiEonv OF Wheatstone's Bridge. 
To understand this, we must note the following direct 
deduction from Ohm'a law : — 

If a wire of uniform resistjince he connected to a battery, the 
potential varies regularly from one end to the other of the length — 
that is, at the middle point tlie difference of tlie jiotential from 
that at eitlier end is half th&t of the ends. At ^ from one end- 
the poteiitinl differs from tlie potential at that end by ^ of the^ 
whole diSerGnce ; and so on. 

More generally in any wire, the potential varies regularly; 
along the resistance — that is, if there he a wire of 10 units 
resistunce, and the potential at one end is zero, and at the* 
other is 100, the potential at one nnit from the Hrst end will ba 
10, at two will he 21), at three 30; and eo on. 

When the battery is in action, the current, on arriving at jj 
(fig. 99), divides, us a stream might divide into two chanaolei 
round an island, and part goes by the roiid ADC; part by ABC,. 
Let us now draw straight Hues, ADC, ABC (figs. 100, 101>, 
representing the resistances in the two courses, and let us draw- 
vertical lines AL at the ends A, representing the difference- o^ 
potential between A and C. 

Let AD represent the resistance ff, DC the resistance j", thei 

the total resistance of the branch of the circuit, containii^ 

* and X, is represented by the line ADC. Similarly the reaistUMM 

of the branch containing S and R is represented by ABC. 

The length of the line AL, which represcntti the exceea ( 
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the potential at A over that at C, is of course the same in 
both diagrams. Draw lines LC in each. Now, by what we 
have just stated — viz., that the potential diminishes regularly — 
the potential* at any other point in the circuit can be represented 
by the length of a vertical line drawn from the horizontal line 
at that point to the sloping line. The potential at D, where one 
of the galvanometer wires is attached, is represented by the 
length DM (fig. 100).t I" a similar way that at B, where the 
other wire is attached, is represented by BN (fig. 101). 

Now, the effect of altering the resistance R will be to alter 



»' 



90 J) 

Fig. 100. 



.-- 



f^- 




— 'A 



the potential at B ; for, suppose R increased so as to bring C to 
the position C, then the fall of the potential would be represented 
by the dotted line LC, and the potential at B would be repre- 
sented by the length BN'. Let us then vary R until BN 
equals DM, then, the emh of the galvanometer wire are at the 
same potential, and there is no current through it. 

But as the height AL is the same in both triangles, the heights 
at any other points D and B in the bases respectively can only be 
equal when the ratio of AD to DC — that is, of 9 to x, is equal 
to the ratio of AB to BC — that is, of S to llf—or, the galvano- 
meter is at zero when 

Ratio of # to J* eqiialtt ratio of S to K. 

But when two ratios are equal, the ratio of the first term of 

• By " potential " we mean " excess of potential over that at C." 

t The galvanometer circuit being broken. 

X The student is advised to test this with a scale drawing. 
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one to the first term of the other is equal to the ratio of tin 
second term of the oue to the second term of the other ; tbere*9 
fore, when the galvanometer is at zero, we have 
Ratio off lo R cqaaU ratio of* to S ; 
or, X equals K, multiplied by the 

Ratio of » to S, 
which is written — 

Thus, when the galvanometer is at 
three quantities are known. 

The student will find it a useful exercise to prove for himself 
that it is unimportant at which pair of corners the battery wires 
are attached— that ia, that interchanging the batt-ery and galva- 
nometer makes no difi'ercnae. 

In practice the galvanometer and battery shonld be so arranged 



3 known if the other 




lift. 103. Fig. 103. 

that the two branches of tlie battery current encounter as nearly' 
iiB possible the same resistanee, 

For instance, let us suppose S and » each equal 100, and ] 
equal 750. Then — = 1 ; and, therefore, j = R, and our foo^ 

branches will be as in fig. 102. The battery wires should now \ 
attached to AC, and the resistance in each branch will equal b60. 
If they are attached to BD, the resistance in the one branch ii 
1500, and that in the other only 200. Now, however, suppow 
we have 

S = 1000, ( = la, and B = 21 

We have, to find Sy 
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nnst now attach the battery wires to RD, as in this cnsy 
e resistances of the two brunches will be, as in ^^. 103, lOtll 
a K88S ; whereas, if w 
B 3S and -ISOO. 
Tlie objection to huvin; 



attach them to AC, the circuits will 



! diffcrc 



1 the braneliea i 



^H For 



B current then posses through the circuit of 
least resistance, and heat^ it, thereby iucreasinjf the resistance 
on that side (for the reeistaneo of a wire increoEes when it is 
heated), while, when the current la about equally divided, the 
increase of reeistance due to tha beating is about the same on 
both Elders. 

For convenience of calculation it is usuul to make S a decimal 
|inltiple, or submultiple of «; then, wheu the balance is esta- 
ihed by varying R, it is only necessary to multiply R by some 
wwer of lOj to find x. 

PHACTICiL FOKIIS OF \\'lIE4TST0SE'tf BllIDGE, 

The foi-m of bridge above dcBcribed is never used except for 
loot are purposes. Two principal forms are used in practice. The 
one which is most used is called a " resistance bos," and the other 

I IB called the " sliding bridge." 
Slidino Briure. 
This latter (Gje. 104, 105) consists of a hovizonliil board, 

(fig. 105) should bo compared with that of the lecture model, 
(fig. 99) — the same letters indicate the same points in both. 
The connections are mode as shown; R is not variable, but is 



with a 



^■traight wire of high resistance stretched altiog one side 
I copper strip with gaps in it along the other. The diu 
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chosen arbitrarily. A, one of the battery wires, is attached to »■ 
slider which slides along the resistance wire. Now tlie wire at: 
one side of A is S, that at the other ». It ia obvious that, if tha 

resUtanee nfthe wire it uniform, the ratio = will be equal to the 

ratio of the lengths of the wires on each side of the slider, f^ 
B fised on the base, and if we suppose the eijuilibrium to be 
established with the slider at, say, 35, aa in fig. (105), and suppose 
that B, = 1 00, we shall have . 

We see in this apparatus that it is not neeessary to know 
the values of S and *, but only their ratio. 

The apparatus ia useful for some purposes, but it is not suscep- 
tible of any great accuracy, as its working depends on the as- 
sumptiou that a wii-e exposed to tbe air has a uniform resistnuce. 
As every particle of rust or scale, formed or rubbed off, and every 
scratch made by the slider affects the resistance, we see that llie 

iiimption cannot be held to be strictly true. 

The slider usually carries a spring and vertical sliding rod, to 
which latter the battery wire is attached, so that contact is only 
made when wanted, by pressing down the spring. 
Resistance Coils. — PLiTE XXIII, 

A coil of wire of a known reeistancc is called a UeiUfance Coil. 
Resistance coils are usually oiadti cither of German silver wire, or 
ofan alloy of silver with JJ3'4 per cent of platinum, as tbe resistance 
of those materials varies very slightly with changes of temperature. 

The two ends being fixed to massive copper rods, the wire, pre- 
viously carefully insulated with two or more iHvcrB of silk^ is 
ind double upon a reel, as shown in Plate XXIII. It is usual 
to enclose the reel in a thin brass case, and imbed tbe wire in 
paraffin. By immersing the case in wat^^r, the wire can be brought 
to any desired temperature. The effect of the double winding 
is that there are always two equal currents in opposite directions 
close together. This entirely prevents any inductive effect on, 
neighbouring magnets or wires, 

Bridoe Resistance Box, 

A reaislance box consists of a number of coils of different 
resistances arranged in tbe following manner. The colls are all 
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fixed to the under side uf a slab of ebonite, which forme the lid 
of a mahogany box (fif*. 1 OU). On the top of thu lid ure a number 




Fig. IDS. 

of bro^ blocks, to each of which one end of eacli of two coils is 
connected, as showu in section in fi^. 107. Thus, if a current is 






^ 



£*» 



rig. lOT, 
sent from A to B, it hns to pass through all the coils. The ends 
of the brnss bWks are, however, shaped as shown in the plan 
(fi». 100), and brass plugs* fit in between thetn. When a plug is 
put in ut any opening («, fig. 108), the current only passes through 

A a 6 B 

ooaoQ 

theplug, andnotby thecoil; bo that when a plug is put in, say at 
a, the tctal resistance is less by the resistance of the coil at a, 
or, generally, the resistance from A to B is equal to the resistance 
unplugged. The resistance of each coil is engraved on the lid 
near the plug-hole. Here, then, we have a means of varying the 
resistances without interfering with the connections. 

Tbe coils in the bridge resistance box are arranged as in fig. 
109, the numbers representing the cumber of units of resistance 

The reader is agniu requested to compare this figure with 
the picture of the lecture model, fig. 99, p. 21S. The same 
letters are used for the same points. 

We see that the coila are arranged in a continuous line, and 
binding screws inserted at certain intervuls. 

* Similar to Ute plug Bhown in fig. 71>, vol. i. p. 227. 
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The first line contains two sets each of 10^ 100^ and 1000. 




Fig. 109. 

These form the branches S and 9, 
following values of ^ : — 

10 1 



We see that they give the 



also 



1000 


100 




10 > 


1 


1010 


100 ( 
100 


' 1 


100 


I0(j0^ 


1 




10 \ 

10 i 




1100 
10 


100 f 
100 1 


= 1 




1000 ^ 







1000 

1(M) 

"lu 

1(KK) 1 

loo ) 
lonO 



= 10 



= 100 



10 
1100 

100 
1010 



DifTerent forms ol ll:o same fraction are used for different 
resistances. 



8 



Thus, if we desired to have - = 1 wc should make it f^-JJ- 

if X were lar<^e, \^ if it were small. 

The arrangement of the bridge has been drawn in the way 
most convenient for calculation ; but if the resistance were such 
that there was equilibrium with the present resistance unplugged, 
it would be better to interchange battery and galvanometer, as 
at present the two currents are inversely, as 



Now 
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10 -f- ^ and 1000 + 2163. 

and therefore we have 

31-C3 and 3163; 
whereas, after interchanj^ii^g^, we have 

1100 and 218463. 

The Ioniser part of the line of coils represents R on the hridge, 
and the arrangement of it is worth notice. There are only six- 
teen coils, and yet, by combining^ them, any numl>er from 1 to 
10,000 can be obtained. This is best seen by takintif any num- 
ber at random and tryin<)^ to make it up. Generally s))eaking, 
we must use the large numl>ers first — that is, we must first unplug 
the largest number below the number we want, 

r, the wire whose resistance is to be found, is attached to the 
binding screws C and D. If it should not be long enough to 
reach from one to the other, the length must be made up either 
by a wire of known resistance, or Ixitter by a copper rod so 
ti'ick that its resistance mav be nejrlected. 

Attachment of thin Wire. 
Where rf* is a thin wire, it should not be attached directly to the 
binding screws, as there would be an uncertainty as to the exact 
point of it in contact, and therefore as to the length between the 
screws. It should instead be soldered to a piece of thick copper 
wire beaten into the shape shown in fig. 110. 




FifT. 110. 

Tlie binding screws of C and D are each made with double 
nuts, so that different wires can be tested without disturbing 
the galvanometer connections. 

Contact Keys. 

Contact keys are placed in both the galvanometer and the bat- 
tery circuits; that in the battery circuit may be of any form so 
long as it enables us to tell by a glance at it whether the cur- 



•>5li 



expcnmenls 
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oif in the some directi< 
L-auotDeter key sliou 



key (fig. 82, pa;^ tfA), not a 



1 ni two consecutiTi 
Id be a single Bprinj 



■ keyj as fliat only intro* 



I 



UuceB error; it should have a catch for boldiugthe contact when 
required. 

Fhactioss oy a Unit. | 

We have stated that the ordiunry resistance boxes give R- jB 
mnximura value of 10,000 units. | 

When fractions of a unit are required, we get one or two places 

of decimals by making s, jij-, or ^^ respectively j but this can 

only be done when the resistances t(> be measured are not more 
than 1000 units for one place, or 100 for two places. A further 
npproximation can be made by observing the deflections of the 
galvanometer. If it is a delicate one, it will seldom be found to 
go truly to the zero. 

Suppose that the resistance is between 1221 and 1^22, then 
we must have - = 1. When R equals 1221, the spot of light 

will move slightly in one direction, say 6 divisions to the led; 
and when R ib 1222, it will move in the other direction, say 10 
divisions to the right. 

Then we shiiU approximate very closely to the trnth if we aay 

that the excess of the true resistance over 1221 bears the same ratio 

to its defect from 1222 as the deflection to the left bears to the 

deflection to the right; that is, that the true resistance is 1221^. 

Dial-Patteen Resistance Bos. 

:ance coils are sometimes ari-angeil as in fig. Ill, 
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Thomson and Varley's Slide Kcsisiaiice. 
Fig. 112 sbows the connections. 





The branches S, » are arrangc<l in a precisely similar way to 
in the ordinary hoses. The large resistance K is, however, 
i^ed differently. Each diul consiata of a "hrass disc aur- 

indcd by n ring cut into segmcnia. 

Each segment is connected to the next by a resistance coil, as 
shown in the 100 dial, (ig. 112. All the coils in one dial have 
the same value. 

The cnrrent has to pass from ttio segment marked to the 
centre disc. 

A plug can be placed l>etween the centre disc and any one of 
the flegments. If tt b at the 0, there is no resistance ; bnt if it 
We placed at the 1, 2, 3 - - - - the cnrrent has to puss through 
1, 2, 3 - - - coilfi on its way from the to the centre. 

The resistance in circuit Is then the sum of the resistances 
plugged, and is very easily read. 

Sib Wm. Thomson avd Mb. Vabley's 



Sir Wm, Thomson and ■^IrVarlev have 



I.IDIKO Coiw, 
;ieii a rosislance box 
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113] wh(?re the resistaDces are varied, not by ineertin^ 
and taking out plugs, but by turning a handle. 

Tile eoils are used us tbe bmncbes S and « of 
a Whoatstone bridge. Any constant known re- 
Q, - eistance can be used for R. 

> ^f The principle of the arrangement can be seen 

J^ by fig. 114. 

"^ ' rig. 115 shows tbe actual connections. 

Let us consider fig. 114. The current from the 
battery is brought to a slider embracing two coiU 
of 101)0 Ohms each, and divides along the two 
branches, S and « of L. When M is moved along^-' 
one division up the picture, S is increased by 
FiB. i'». 1000, and * diminished by 1000. 

To give a finer adjustment, B itself is made to consist of 100 
coils of 20 Ohms each, and tbe battery wire can be moved along it. 



to* , *v-Ort _oO y 




oooooo° 



■7 



/°' 



M=l® 



°oooooo' 



In fig. 115 we 
caijy carried out. 
each other, and e 
of the battery enters this double 
is divided in the two branches, S 



Fie 1 IB. 

je the way in which this arrangement is practi- 

L has two revolving arms fixed puruilel to 

.bracing two eoils. The current from one pole 

at A', passes along it, and I 

id s. If the arm is moved one ] 





division to the right, S increases 1000 and a decreases 1000. 

For final adjustment the current is divided in the coils M, juat J 
in the same manner as shown in fig. 114, 

The resistances in the two branches, asfg. 115 is now arranged, 
are respectively — s = 35G80. 

«= 4320. 
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BSSISTANCES OF DlFFKRENT SuBSTANCKS. 

Specific Beiisfanee. — The specific resistance^ R^ of any sub- 
stance is^ in the C.G.S. system, the resistance between two 
opposite faces of a cube of the substance when the edge of the 
cube is one centimetre. 

When we know R for each substance^ we can calculate the 
resistance of any wire by the formula — 

Besistance = B ^"^ — ^— . 

cross nectiuu 

The following tables of specific resistances of conductors and 
insulators are given in Professor Everett's " Units and Physical 
Constants/' pp. 143—145 :— 

As the resistances of all metals increase when they are heated^ 
the " temperature correction " is given in each case. 

Table of Specific RcsUtancet, in Electro-magnetic Measure* 
(at O^C, unless otherwise stated). 





Specific resist- 

anoe in absolute 

uniu. 


Peroontafce 

variation per 

degree a( 

2«oo. 


Specific 
gravity. 


Silver, bard-drawn . . . 


1609 


•377 


10-60 


Copper, „ .... 
Gold, „ .... 


1642 


•388 


8 95 


2154 


•365 


19-27 


Lead, pressed 


19847 


•387 


11-391 


Mercary, liquid .... 


96146 


•072 


13-695 


Gold 2, silver 1, bard or an- 1 
nealed ) 


10988 


•065 


16-218 


Seleniam at lOCP C, crjs- 1 
talline j 


exw* 


100 




Water at 22^0 


718 X W 


•47 




„ with -2 per cent. H^SO* 


4-47 .. 


•47 




„ ft s „ „ 


3 32 X Kf 


•653 




20 


1-44 „ 


•799 




»» >» "O ,« „ 


1-26 „ 


1-259 




•» »f ^*- t* »» 


137 „ 


1-410 




Sulphate of zinc and water ) 
ZnS04+23H,0 at 23° C. ) 


1-87 X lO"' 










Sulph. of copper and water \ 
CuSO«+46H,0 at 22° C. j 


1-95 „ 






Glass at 200^0 


2-27 X 10^* 






„ 2&Q9 


1-39 xlO»* 






„ 300« 


1-48 X 10" 






H 400«> 


7*35 X 10" 






GatU-percha at 24° C. . . 


3-63 X 10» 






9, vT^ V/. . . 


7 xlO»* 







• We remember that the Ohm (or B.A. unit) = 10* absolute units. 
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„KS:- 


ofTortatioo 


















"m W 0. 




Silver, nnneaUd . 


1521 


•377 










1062 








Copper, annesled 






ItilS 


■888 






„ hani- drawn 






1652 








Gold, .nnettlod . 






atrsi 


-305 






„ bard-drown . 






2118 








Aluminium, Bnneal<^r] 






21116 








Zinc, prwsod . 






6il!H) 


■366 






Platinum, annealed 






1»158 








Iron, annealed 






mn 








Nick.l,annealLj . 






12(i()0 








Tin. prcMed . 






133(31) 


■365 












IHSaO 


■3S7 






Antiiniiny, pressed . 






35tH» 


■389 












132650 


■354 






Mercury, liquid . 




961U0 


-072 






Alloy, 2 parts pklinum. 1 parti 
aitver. bj wtigbt, bard or > 
annealed^^ . . .1 










2466 


■031 






German silver, hard or nnnpaled 


21170 


■044 




■ 


Alloy. 2 narto k<>W. 1 silver. 1 
by WL'igiit, bnril or annealed 1 


li»90 


■066 




1 


AIloFDanrnilBtitai 


BpKlflo 


TempenilorB, 


Awhoritr. 




Mica . 


8-4x10- 


20 


Ayrton and Perry. 
J Standard adopted by 
\ Latimer ClatL. 


■ 


Gutta.pen-l'ii 


4 5x10* 


24 






Shellac 


e-oxio^ 


28 


Ayrton and Pirry. 






Hooper's uii-leiial 


1-6x10" 


24 


Ileeeot cable te-l>. 






Ebonite . 


2 8x10" 


i& 


Ayrtunand Perry. 






PKWffil. 


34x10" 


46 


Do. 




■ 


Gla>a . 


Sot yet meaaured wilb ait-uracy, but greater 
tbaii Bny oribe above. 






Air . . . 


PrBcl[oaIly infinite when cold. 






The followinfj tjible is due to Dr. MattliieBscii :•— 




i «^- ''™:?^;!:jr^:la"rj.'t'.""' 


u KilTcr 2844 


^^m_ Copper 2fl-6g 


^B UuM 21'30 


^B Tin 28.89 


^^ I-ni'l 29-01 




1 




^^^J 
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OALYANOMETlfR ShUNTS. 

For accurate determinations of resistances we must use the 
roost delicate form of reflecting galvanometer. In cases where 
we do not approximately know the resistance there will, in 
the first few trials, be a considerable difference of potential at 
the ends of the galvanometer wire ; and, if the corresponding 
current were allowed to pass, the galvanometer would be damaged. 
To obviate this inconvenience, " sliunts '^ are provided. 

They are also useful for measuring, by the deflection of a gal- 
vanometer, currents so strong that, if sent directly through it, 
they would send the spot of light off the scale. 

Theory op Shunts. 

The theory of shunts depends on the following deductions from 
Ohm's law : — 

Let there be a wire a (fig. 1 16), and let it divide at A into two 
(or more) branches b and ^, 
and let them join again at B g, x, 

and continue in^y then the 
current in d is the same as '**• "•• 

the current in a. In the parts b and c it is divided. 

Let E be the difference of potential at A and B ; let C* C, r* r, 
be the currents and resistances in b and c respectively; then by 
Ohm's law we have in the two branches resi>ectively, 

but £ has the same value for both circuits and so we have 

Cfc Tfc = C, r^ 
Whence we have i!* = !!• . 

or, the currents in the branches are in the inverse ratio of the re- 
sistances. Thus, to construct a shunt such that the currents in 
the two branches shall have any given ratio, it is only necessary 
to make the resistances of the branches in that ratio reversed. 
By connecting the poles of a galvanometer by a wire, the 
ratio of whose resistance to that of the galvanometer coil is 
known, we can send . 

ar A <• 

only part of the current /^ 7^ Ty\ 

through the galvano- vZZ i -i>^ 

meter and the rest 

through the cross wire. ^' 

In 6g. 117, the same letters are used for the same parts as in 
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the preceding diagram^ fig. 116. The reader should compare the 
two. 

If we know the resistance of the shunt h and of the galvanometer 
coil Cy we know from the preceding calculation the ratio of the 
current in the galvanometer to that in the shunt h. This, how- 
ever, is not quite what we want for practical work. What we 
require is the ratio of the current in the galvanometer, not to that 
in the shunt, but to the total current of the battery — that is, to 
the current in a or d. 

Now the whole current gets from A to B, and the only paths by 
which it can travel are h and c ; therefore, current in b added to 
current in c equals whole current; or, if we callC the whole current, 

C = C* + C^ 

Let r be the total resistance of the divided circuit. 
To find f, we have, 

caiTent in 5 = C* = - 

n 



Total current. 






reducing to a common denominatxjr and adding, we have 

^ ^ E r, -f E r > ^ -g njf /% . 

or, what is the same thing, 



C= ^ 



n r. 



^6 -f n 
whence 



r= '^''^' 



n + Tc 
Tlie current C, in the galvanometer is 

c. = E. 

The ratio of the latter current to tlie former is 

E 

C E ' 

n r. 
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and we have from this, 

C. rj 1 u __ 



r\-\r r, r^ -h r. 

— that is, the ratio of the current in the galvanometer to the 
whole current is the same as the ratio of the resistance of 
the shunt to the sum of the resistances of shunt and galvano- 
meter. 

Construction of Shunts. 

In practice, shunts are usually made in sets of three, having, 
respectively, resistances sueli that -j^^, yj^, or -^^^ of the whole 
current passes through the galvanometer, according as one or 
the other coil is connected to it. Of course, each galvano- 
meter must have its own set of shunts. 

Problem, — It is required to construct a set of shunts for a given 
galvanometer, whose resistance is known. What must be the re- 
sistance of each coil in order that -j^^, -j^, or y^Vo* ^^ ^^ whole 
cuiTent may pass through the galvanometer? 

Case 1. Kequired ratio of currents 1 to 10 we have 

^• = A thatis 



'•» -h r. 



or. 



10 = ri±ii = r* + ri = 1 + ^ 

Subtracting 1 from each side, we have 9 = -, or resistance of 

shunt must equal \ resistance of galvanometer. 
Case 2. Required ratio of currents 1 to 100. 

c luo' 
therefore, 

100 = "±^^1 = 1 + ♦••, 

or 

99= -• 
r% 

— that is, the resistance of the shunt must be ^^ the resistance 
of the galvanometer. 
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Ill Cam 3 we liave require*! ratio 1 to 1000. 
C. _ 1 _ . 



899="' 

n 

— that ia, tbe ri'sistauce of the eliuut must equal j J5 tbe resistance 
of the galvanometer. 

GalvuDonieter shuntx are usually armnged as in £«■. llS. 

Three coils, having reepeetively J-, -^, 5^ of the resistuuce of 1 
the gulvanometer, ure urrang'ed in an oblonjf hoi, from which 
broad strips of copper lend to the ^alvanonietiT. 




Fig. 11& 

On the lid of the box AB are two blocks of brass, a and d. One 
end of each of the thi'ce coils is attached to (/. The other ends 
are attached respectively to three insulated blotks, i, S, A,. By 
means of a phi^ d, £„ or i^j can be put into connection vrith a. 

When no ping is inserted, the whole current from the batt«ry 
goes through the galvanometer. When a plug is put in at h„-^aK 
the current flows through the fii^st coil and only -^ through the 
galvanometer. If the plug be now transferred to b^ or i„ -^y^ or 
^^ flow through those coils respectively, leaving yj^ or -j- 
to flow through the galvanometer. 

A plug placed at b^ puts a and d into direct eommumcation, 1 
and prevents any current passing through the galvanometer. 

The same letters denote the same parts in fig. 118 ae 
tigs. 116 and 117. 

If it is necessary to leave a train of apparatus in an unlockedj 
room, with the battery connected, the plu^ should alwayi bal 
iilaced at b„ so that, in case of any one meddling with the contact I 
keys, the gnlvanometir may not be injured. 




Resistance of a Galvanometer. 



=65 



In commenuing to work, it is usual to put the plu^ nt £„ and 
adjust the reaiEtnnce till no deflection is visible. The plug is 
then moved to b„ and prolKibly a stnull ^ 

motion will be observed. Tlie resistances 
being readjusted, the plug shonid be moved 
to i, and then taken out altogether, eo 
th:it the resistiince may be determined with 
all the accuracy of which the instrument 
is capable. 

Fig. 119 ehowB a eet of shunts ar- 
ranged in a circular box. The copper strips 
are removed. The plugs are seen in b^ 

COUPBNSATINO ReSISTASCE, 

The effect of inserting the shunt is to diminish the total 
resistance of the circuit, and therefore, possibly, to so increuse 
the total current th:it the deflection is not reduced. 

Id order to keep the total current constant, a " compensating 
resistance " is introduced which is equal to the diminution pro- 
duced by the shunt. 

The introduction of tlie shunt reduces the resistance from 




The compensating resistance (p) must be equal to the dimi- 
nution, i.e.. 



But u = 



- where 



r. + r, r, + r. 

I is the fraction of the c 



paaees through the galvanometer, hence 



Thus, for instance, with the -^ shunt, the compensating resis- 
tance would have to be -^j- the resistance of the galvanometer. 
SiE W. Thomson's Method of DETEituwiNO the Resistance 

OF A GaLVAKOUETBR. 

The obvious way to determine the resistanceof a galvanometer 
is to remove, or fix, its needle and treat it like an ordinary coll 



266 



Electro- Kinetics. 




of wire, using imother giilvano meter in the bridge. It, how 
Bometimes happens that there is only one very sensitive galvano- 
meter in a luhomtory, and that it is required to know its resis- 
tance. To determine this without the necessity of procuring' 
another instromciit, the galvanometer is arranged with its 
needle and scule in position, iu the nsual position of the wi 
whose resistance is to be taken. A simple wire, whose contimiity 
is broken by a contact key, is put where the galvanometer is 
usually put. In the lecture model the arrangement would be 

in fig. 120. Let O be the wira 
and key substituted for the usual 
galvanometer, and let a be the 
galvanometer whose resistance ia 
tobemeasured. Let us break con- 
tact at O, and allow the current 
to flow in the bridge. The needia 
of galvanometer x will be de- 
flected. Let us first suppose 
that the current in the branch 
A D C is so small that the de- 
flection is within the range of the instrument; that is, that the 
spot of light does not go off the scale. Let us now observe the 
deflection and make contact at O. If the equilibrium is correct, 
no current will flow through ; if R is too great or too small, a 
cjirrent will flow in one or the other direction. There is no 
galvanometer at 0, but we can tell whether or not a cnrrent 
is flowing in it in the following manner : — 

Suppose the main current to be flowing from A to C, then, 
long as contact is not made at O, the strength of the current ill' 
D 0, that is in x, is equal to its strength in A D; but, if part of 
the current flows from D to B, the current in x will be diminished, 
and the dffieciion will decreaie when contact is made at O. 

Similarly, if a current flows from B to D, it will increase the 
current from D to C, and increase the deflection. 

Hence the bridge equilibrium is established, that is R has it*; 
correct value, when making contact at O, neither increases nor 
diminishes the deflection of the needle of the galvanometer at «. 
If, however, as jirobahly will be the case, the galvanometer ia 
BO delicat« that its share of the current of a single cell would send 
the light spot off the scale, a abunt must be applied to it. If the 
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galvanometer has no shunts, a resistance eoil^ if one is at hand^ or 
if not^ a piece of wire whose resistance can be determined^ may be 
used as a shunt. 

If the resistance of the shunt wire be f « and that of the galva- 
nometer f, we have f» known, r, unknown. 

The result of our bridge experiment is to give us the value of 
the resistance of the divided circuit D to C ; that is, after the 

experiment we know the value of — * '' -. By substituting the 

^ + ''. 

value of r* we can easily calculate r,. 
Example — 

E=600 1 = ^1, 

r* = 10, r« is anknown 

we have 

-1^^ = R \ 
r* -f r. S 

Substituting the above numbers we have 



10 r. _ 



10 + r. 

or 



= 60 







10 + r. _ 1 






10 r. 60' 


that is 
or 




10 . r. _1 
lOr, 10 r. 60 

1 _ 1 _ 1 __ 4 
r. 60 10 60 


which gives 




r. = 12J 


as resistance has 


no 


sign. 



Resistance of Batteries. 

The fluid of the battery itself is interposed in all battery 
circuits, and as it offers very considerable resistance to the current, 
this must be taken into account in calculating the total resistance 
of the circuit. 

Mange's Method op Determining the Resistance of a 

Battery. 

In the arrangement just described for determining the re- 
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sietance of a galvanometer, li^t us interchange the battery and 
galvanometer. It can be proved matliematically that this wUl 
make no ditference in the buluucin^ ratios. 

The enme calculation as in the former case will apply, only the 
result gives the resistance, not of the galvanometer, but of the 
battery. 

Mance's method was invented before Sir W, Thomson's, anc 
the latter was derived from it. 



Bkst Wat to AaRANQB Cslls poe any Pdepose. 



The fact that batteries ofler resistance is the reason that It 
platcE are used when a strong current is required. Small plates 
give as great an el ecti'o- motive force as large ones, and therefore, 
by combining a sufficient number of the smallest possible cells 
"in eeries"{fig, 121), we can get as great an electro-motive force as 
we please. If, however, the cells are small, we introduce at the 
same time so great a resistance that possibly we do nut increase 
our current at all. 

In discussing the best size of cell for any purpose, we must 
take into account the resistance of the external circuit. 

If, as is usually the case, we have only one size of cell, we 

must remember that by combining 2, 3, , cells with their 

like terminals connected, we produce a compound cell equivalent 
to one with its plates of 2", -i times - - - ., the area of those 
of one cell. This method is called "connection side by side" 
(fig. 122). 



and^ 
,rg«^ 



/^HhK /^<z^\- 



If tho resistance of one cell be tak' 
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Suppose now that we have a number of cells of a particular 
size, and that we wish to get the greatest possible current in a 
wire of given resistance. 

Let E be the electro-motive force of one cell, let R be the 
resistance of one cell, let r be the total external resistance, and 
let Q be the number of cells. If the cells are arranged in series 
we shall have 



C = 



_ Q15 



QU-f-r 

If they are arranged side by side we shall have 

E 



C = 



<!«+'•■ 



If they are arranged in any intermediiite way, that is, in a series, 
each member of which consists of two or more cells arninged side 
by side, and we call the number of members of the series N and 
the number of cells in each member «, we shall have 

P_ NE 
n 

This is the general term, the two first expressions are par- 
ticular cases of it. 

It is obvious that N;* is the total number of cells and 
equals Q. 

Let us now take some cases to illustrate the rule. 

Let us suppose that we have 20 cells, each of 2 units resis- 
tance, and that we wish to send as great a current as possible 
through each of three wires separately, whose resistances are 
respectively 1000, J, and 10 units — 

E depends on the nature of the cells, and is the same in all 
arrangements. 
R = 2 
r = 1000, \y 10 in the three cases respectively. 

Ca9e 1. r = 1000. 

First arrange the whole of the 20 cells in series (fig. 123) ; 
this gives N = 20 and » = 1 ; we have 

C = 2QE _. J0_ 
ff 2 -H 1000 1040 

19 
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fig. us. 
Now arrange them all aide bj side (fig. 124). We Iiave 

N=:l fl=r20; 



and therefore 



= 



- E _ 1 



JI + 1000 lOUOl 
or only just over -^ of what we obtained before. 



r «4444444^HH S5^ 



Fi(r.lM. 



Let us now arrange the cells in 4 groups side by side^ each 
consisting of 5 cells arrange in series (fig. 125). 

This gives N &= 6^ « = 4, and therefore the current is 



-2 + 1000 l^^t 
4 



This is better than the last arrangement, but not so good 




Fig. 125. 

as the first ; so we see that when the resistance outside is large, 
we should arrange all our cells in series. 

Case 2. Let us now try what is the best arrangement when 
the external resistance is small^ that is when^ say r s ^, 

First arrange in series — 

We have 

N = 20 « = 1 R = 2; 
then 
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C = 



20E 



= -— £ = i nearly. 



?-2 + i 40i 

[We see with this arrangement 3 cells give nearly as great a 
current as 20^ for we should have 

Let us now arrange all the cells side by side. 

We have 

N = 1 « = 20, 
and 



C = 



- E _ 



i'2 + i fc-T}^ 



= ^^ = - E = 3 E nearlv. 

40 
or six times as much current as we got with the secies arrange- 
ment. Therefore, when the external resistance is very small, it 
is best to arrange all the cells side by side. 

Case 3. When the resistance is neither very small nor very 
great, we must use one of the intermediate arrangements. 
Suppose r = 10. 
First let us trv series. 

N = 20 n = l 

p _ 20E __ 20 p 4 F 



« • 2 -h 10 



50 



fy 



Now let us try *' side by side.^ 

N = 1 n = 20 

Now let us try 4 sets of series with 5 cells to a series. 

N = 5 71 = 4 



6E _ 5 , ., 



Now let us represent the number of cells in series by the hori- 




Fig. 126L 

zontal distances in fig. 126 and the strength of the current by 
vertical distances. 
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We see the Btrength of the current was increasing from 1 to 5, 
and at 20 it had the same value as at 5. It is then but reason- 
able to suppose that it went on increasing for a while after 6, 
and then began to decrease to the value it had at 20. 

The point where it turned from increasing to decreasing was 
its maximum value. 

Let us look for this intermediate point, and try an arrange- 
ment of 2 sets of 10. 

We have 

N = 10 « s= 2 

n- lOB -10B_.„^ .« 
^ " ¥21^©- -20" - *^^'*^ 

This then is the best practical* arrangement of cells with the 
given resistances. 

We do not^ however^ in practice wish to have to do all these 
sums before arranging our battery ; we want a rule by which we 
can at once see the best arrangement. 

The problem thus before us is this — 

" Given B, r, and (N x «} [the number of cells] to find the 

N 
ratio of— which will make C a maximum." This problem 

requires the use of the differential calculus for its solution, and 
I have therefore worked it out in a footnote t> and can only here 
give the answer, which is — 

* This is not necessarily the maximum value of the function, but it is the 

N 
maximum value consistent with the experimental limitation that — is a whole 

number. 

t We have 

N 
(X w), R, r, E, all constant to find the value of — , which makes 

^ — j7 a maximum. 

- R + *• 
n 

This is the same as making ^ a minimum — 

1 — ^ r 

c^ite "*"5rE • • • <^) 

IR . 1 r 

^ i E N B' 
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C is a maximum when 

that is when 

N_ r 
« "K* 

That is, to obtain a maximum current, the ratio of the number of 

cells in each series to the number of sets in series connected side 

by side, should equal the ratio of the external resistance to the 

resistance of each cell. 

but X ft = constant, /.N =( -.constant], and this constant = number of cells 

= Q. 

. 1 __ N . R . 1 . r 



Difierentiating (2) with respect to N we have 



equating to zero. 



or 



or 



But 



JS^QE K'-E • • • wi 
^— i 






or 



or 



/. K' = f^ N « 



R 



n R 



(4) 



1 .. 



Thus the arrangement given in the text makes --\ either a maximum or a 

minimum. 
Differentiating (3) again, 

which ia positive, and therefore t; is a minimum, or the arrangement 
given in the text makea C a maximum. 
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This arrangement also makes the total internal resistance equal 

N N 

tie external, for the equation gives r = — tt, and — R is, as 

n n 

we have secn^ the total resistance of the battery. 

Units op Kksistanck. 

In experimenting on electric resistance, it is very important 
to have some unit of resistance to which other resistances can 
be referred. The first and obvious form of unit is a wire of 
some fixed lengthy section^ density, and substance at a given 
temperature. 

The Siemens unit consists of mercury at a temperature of 
0^ C. enclosed in a glass tube 1 metre long and I square milli- 
metre in section. 

This is a purely arbitrary standard, and cannot be connected 
with any absolute system of measurement. A system of measure- 
ment based on the C.G.S. system has been introduced by the 
British Association, and the unit derived from it is called the 
B.A. unit or Ohm. 

We must defer the consideration of this to a later portion of 
the book, as to understand it we require a knowledge of some 
portions of electrical science which we have not yet treated of. 
(See Chapter XXVI., vol. i. p. 286.) 



CHAPTER XXII. 

BLECTEO-MAONETISM. — PRELIMINABT NOTES. 

EquivALENT Magnet. 

Ip a carrent of electricity be sent round a very small ring of wire, 
the latter acts in all respects as a short magnet would do if it 
had been suspended at the centre of the coil, and had taken up its 
nataral position when acted on only by the current. That posi- 
tion we remember is perpendicular to the plane of the ring, and 
with its marked end to the left of a man supposed to be swim- 
ming round the ring, down stream looking towards the centre.* 
If, keeping the strength of the current constant, we make it 
circulate round two or more concentric rings, we increase the 
magnetic moment of the equivalent magnet by increasing its 
strength. If the rings are arranged in a helix, we increase the 
arm of the couple and so increase the moment. 

ELECTRO-MAGNET.t 

If a bar of soft iron be placed in the axis of a coil of wire, and 
a current sent round the coil, the bar becomes a magnet with its 
marked end to the left of a man swimming down the current 
looking towards the axis of the coil. 

When the current ceases, the bar loses its magnetic properties ; 
when it is reversed^ the magnetism of the bar is reversed. The 
magnetism of the bar increases when the strength of the current 
is increased. At firsts when the current is feeble, it increases 
approximately at the same rate. As the strength of the current 
increases^ the strength of the magnet increases in a ratio, smaller 
and rapidly diminishing, until at length a point is reached where 
increasing the current produces no further increase of magnetism 

• See p. 226. 

t See Chapter XXXI. 



aid to be "saturated 
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in the bar. When tins occurs, tlie bar ii 
with magnetism." 

Mutual Actios ov Two CirnitESTs. 

Two currents in the eamc direction attract each otiu 

Two currents in opposite directions repel each other. 

The force lefween two parallel ulraiglit currenig U numericallf 
equal to lAe product of the alreiiglh of (he eiirrenU multiplied if 
their length, divided l^ the square of the dlt/mice let ween them. 

This fact was discovered by Ampere. 

Electro -MAOSETic Induction. 

The following discovery is due to Faraday . — 
Motion op "Wire. 

Jfa wire he iitored in the neighbourhood of a magnet in angdireor 
lion, except along a line of furee, a difference of potential vili bA 
produced at the ends, which, if the ends be connected hg a wire * 
acted on bi/ the inducing magnet,* will eauie a current. 

The direction in which the current will flow may be i 
bered as follows : — 

If in the northern hemisphere a person with arms extended 
moves forward, then tlie current which wonld tend to be pr« 
duced, in a wire represented by his arms, by the action of tbi 
earth's magnetism would flow fram bis right hand to his left.f 

Motion ok Magnet. 

If a magnetic pole be moved in the neighbourhood of a wiM 

in any direction ei^cept parallel to it, a current wilt be induced 

■ Thete are Beveral wujb in wliich thU can be mAnagf d. Tlie most obvioi 
is to l^t the endri of the moving wire slide on two filed rails (fig. 127} cm 
nected by a fined cross wire — 



;ei-K, --*. Oarrent due to a marked magnetic pole, in front r 
inttiietii^e of terrestrial umenetiMin. 

+ Faradny. Eip. lie!.. *ir9. v,.l. iii. p. 332. 
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in the wire. IT, for instance, a mngnet SN, fig. 124, be liftvd 
saddealy in and out of a coil of wire, a current will be induced 




wliicli will be in one direction on inserting the pole, and in 
the other on drnwing it out. If the magnet be reversed so 
OS to use the other pole, the current will he reversi-d. 

Motion ok CcKaExr. 
If, insteiid of a steel magnet, a coil of wire carrying a 
current, as in fig. H9, be lilted in or out of the outer coil, 




currents will be induced whose directions depend on the directions 
of motion of the inner coil and on the direction of current in 
it. The inner coil acts in all respects as its equivalent magnet 
would do. 

In hotb cases the current is stronger the more saddenly the 
magnet or coil is lifted in and out, and in the cose of the 
naoving wire (p. 276) it is stronger as the wire moves faster. 
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Variation op Current. 

If, in fig. 129, the smaller coil is left inside the larger, and the 
current in it made to vary, then at every increase a current will 
be induced in one direction in the outer coil, and at every de- 
crease an equal current will be induced in the other direction, for 
varying a stationary current produces the same magnetic effect 
as moving a steady current. 

If a core of metal be placed inside the inner coil, the effect on 
the outer one will be increased.^ If the core is of iron, the effect 
will be very much increased. 

• See p. 282. 



CHAPTER XXIII. 

thb telefuone akd hicbofuons. 

Bell's Telephone. 

The nnw wvll-knnwn Bell Telephone is a beautiful application 
of the theory of electro-magnetic induction. Fig. 130 shows it in 
section, fig. 131 in perepective. It consists of n steel magnet S N, 




round one end of which is wound a coil of fine wire B. The 
magnet and coil are enclosed in a wooden tube M, one end of 
which, R VR, is of considembly greater diameter than the magnet. 

Across the wide end of the tube a diaphragm of thin sheet 
iron L L is fixed, which just does not touch the pole of the 
magnet. 

When the instrument is spoken to, the iron plate vibrates in 
time with the sound vibrations. 

As it moves it causes temporary alterations in the magnetism 
of the steel magnet, and these in turn induce periodic currents 
in the coil of wire. 

ITie induced currents arc conveyed along the telegraph line 
C C, and received in a similar telephone at its other end. 
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They travel round the coil of wire in it, aud cause temporary | 
chanj^es in the magnetism of the ettel magnet. 

Owing to these chanjjeB, 
the force with which the 
iron plate is attractedvarie:!, 
and the latter is caused to 
vibrate in time with the 
vihrationa of the jilate of 
the sending instrument. 

Tlio plate, as it vihrates, J 
sets the air in motion and ' 
reproduces exactly not only 
the note but the words 
spoken into the sending 
instrument. The voices of 
different speiihi 
recognized even at a tfii 
tance of many miles. De- 
scriptions of various modi- 
fications of the instrument 
will he found in works on 
telegraphy,* 

When a tieaiy battery 
cnrront is sent throug'h a 
telephone, no sound ia pro- 
duced, but every variation 
of the current causes a loud 
noise. The instrument is 
.1 given current is constant 




^ 



sometimes used to di'terniitii 
or intermittent. 



The IIuuiies Microphone. 

When at any point in a circuitcarrying a battery current thew 
is an imperfect contact, any change in the goodness of the con- 
tact will produce a change in the current and cause a sound in 
a telephone included in the circuit. 

Professor Hughes has discovered that, when the imper&ct 
contact consists of two pieces of carbon lightly pressed together, 

• See Da Mont-el, Z* TiU^hone, U Microphone, et It Pkonoyrapie 
(Hachette, Parii, 1978). 
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T&riatioDS in tUe current are caused by tlio very Buiallest Eoiind 
occurring ncnr the i-nrbon. 
Tlie mk-rophone (f!g. lai) consists of two 




Fig. 131. 

Lon ACB lightly pressed together. A tck'jihone T nud a 
Lattery P are included in circuit with it. 

The lowest whisper spoken near the microphone is loudly re- 
produced iu the telephone. 

To intensify the effects, the microphone is usually placed on a 
pound inff- hoard. The sound caused hy a fly walking on the 
sound ills'- board is distinctly audible at the telephone. 
_ The ticking of a watch sounds like hlows of a hammer. 
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CHAPTER SXIV. 

HUQIIES' VOLTAIC INDrCTlOX BALANCE.— PI.ATB XSIT. 

In the spring of 1S79 Professor Hughes commuiiicatcd to tbo 
Phyeical Society" au account of a folltzie luduelion Balance, in- 
vented by him for the purpose of measuring the coiiUuctivity for 
instantaneous induced currents poaseesed by various substances, 
and " for the investigation of the molecular construction of metals 
and alloys." 

When two coils of wire are placed near together, and a pulsating 
current is sent through the one, a cectaiu current will be induced 
in the other every time that the current in the first coil alters. 

If a metal core be placed inside the coils, the induced current 
will produce an increased sound in a telephone in circuit, and, in 
general, the amount of increase will be greater as the tjuantity of 
metal and its conductivity increases. 

In the induction balance, Plate XXIV., there are two primacy 
coils, a a, and two secondary, h U . 

The same pulsating current is sent through the two coils, a a, 
and the secondary coils are bo connected to each other, that the 
induced currents in them are in opposite directions, and, when 
equal, exactly neutralize each other. 

The primary current in aa is produced by three Danietl cells, 
and its pulsations are caused by a microphone inserted in the 
circuit. The sounds which excite the microphone are produced 
by the ticking of a clock. 

The equality of the induced currents id tested by means of a, 
telephone inserted in the joint circuit of b and h'. 

When the induced currents are equal, the telephone is silent, 
but the least inequality in them causes it to sound. 

If two exactly equal pieces of the same metal, such as two 

new shillings, are placed inside the coiU a h, a b' respectively, no 

effect will be produced; but if there is the least ditference bc- 

• Pkil. Mag., July. 1879, ii. paga 6a 
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tween them — if, for instance, one of the shillings is a little worn 
— the telephone will sound loudly. 

In order to measure the differences of induction produced by 
different pieces of metal, the " sliding coil"* shown at the top of 
Plate XXIV. is used. 

At each end of a divided bary^ coils c and e are fixed* round 
which the primary, current travels in opposite directions. A 
third coil, d, can be slid along the bar, and is in circuit with 2, 
one of the secondary coils. 

When d is exactly midway between c and e, no effect is pro- 
duced on it, as their actions on it balance ; but when it is slid 
nearer to one or the other, a current is induced in it which either 
increases or diminishes the current in b according to the direction 
in which d has been moved. 

The distance which d has to be moved from the centre to 
establish the balance, when equal and similar pieces of different 
metals are placed m ab and a b' respectively, gives in arbitrary 
units of the instrument the difference between the instantaneous 
conductivities of those metals. 

The instrument is so sensitive that the insertion of '' a milli- 
gramme of copper or a fine iron wire, finer than a human hair,'^ 
on one of the coils causes the telephone to sound loudly. 

The inventor states that he has already, by the aid of the in- 
strument, studied ''the effects on metals, of heat, magnetism, 
electricity, &c., and of mechanical changes such as strain, torsion, 
and pressure,^' and he proposes *' in some future paper to describe 
the remarkable results. already obtained." 

Mr. Chandler Roberts has shownf that by means of this instru- 
ment it is possible to test the fineness of alloys. 

A silver-gold alloy, containing only two grains of gold to the 
pound Troy of silver, can be clearly distinguished from pure 
silver by means of the balance. 

The instrument can be used to detect bad coins, as, if a good 
sovereign be placed in one coil and a bad one in the other, the 
telephone instautly sounds. 

The tones produced in the telephone are found to be different 
when different metals are used to disturb the equilibrium ; thus iron 
gives "a dull smothered tone,hard steel an exceedingly sharp one." 

* Called bj Prof. Hughes a " Sonometer." 
t PAt/. Ma^., July, 1879, ii. page 57. 
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CHAPTER XXV. 

UEA^SUBEMENT OF JtL.ECTaO-M4GSETlC INDDCTIOy. 

We stated in Cliapter SXII. that, " if a wire I>e moved in thw 

neighbourhood of a magnetic pole, in any direction except along*, 
line of force, a difference of potential will be produced at ita ends 5 
which difference of potential can, under certain circumstances, 
produce a current." 

"We know that the electro- motive force will be increased if we 
move the wire more rapidly or increase the intensity of mag- 
netization. 

Let us suppose that the lines of magnetic force, in the r^on 
through which the wire is to move, have been drawn, and l«b 
ua express tlie intensity of the magnetization, at any surface per- 
pendicular to the lines of force, by the number of them, which 
pass through a square centimetre of the surface. 

The fact that the intensity of magnetization of any surface 
was equjil to unity would thus be expressed by drawing one line 
of force tlirongh each Bijuare centimetre of it, 

"We now see that if a straight wire be moved, without revolu- 
tion, uniformly through the field, the difference of potential pro- 
duced at its ends will bear a constant ratio to the number of lines 
of force cut in a second. 

For the number of lines in each square centimetre will be 
increased if we increase the magnetic force; and if we increase 
the velocity of the wire, the number of centimetres passed over 
in a second will be increased. By suitably choosing our units 
(as has been done in the C.R.S. system), wo can make this con- 
stant ratio one of equality ; and we may state the following 
proposition : — 

If a straight mire lie moved vniformly in a magnelle fetd, 
a dijference of polcutial toill be produced at iti endt, idici wilt 
lally and algehraically equal to the Humler of lin^t 
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of force cut in a second, it being remembered l/tal lines of force 
cut in one direction are counted ( + ), and the same lines, if cut 
btf a motion in the opposite direction, are counted ( — ). 

If the wire be not straight, the difference of potential at its 
ends will be the same as that at the ends of a straight wire whose 
ends coincide with the ends of the bent wire. 

Corollary. — No current will be produced in a wire forming a 
closed circuit which moves parallel to itself, if the field is uniform 
over the whole extent of the circuit. 

If the wire be not moving uniformly, but with variable velocity, 
the difference of potential at its ends at any instant will be equal 
to the number of lines which it would have cut if it had gone on 
moving uniformly for one second with the velocity that it had at 
that instant in a field whose intensity continued equal to that of 
the actual field at the instant under consideration. 

Certain cases of rotatory motion will be considered later on. 

If the wire be moving in a direction perpendicular to the lines 
of force, it will cut more of them in moving a given distance, 
than if it moved in any direction more nearly parallel to them ; 
and if it is moving along them, it will cut none of them, and no 
difference of potential will be produced.* 

If the ends of the wire be connected by another wire, which is 
not in motion, as, for instance, if the wire slides on two fixed 
rails connected at one end, a current will flow through the 
system. 

* The ratio of the differences of potential produced when the wire \% moving 
in any plane, to that produced when it is moving in a plane perpendicular to 
the lines of force, is expressed by the cosine of the angle between the planes. 
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CHAPTER XXVI. 

BRITISH ASSOCIATION UNIT OP RESISTANCE. 

M^B have stated a relation between the motion of a wire in the 
electro- magnetic field, and the electro- motive force between its 
ends. 

The current in the wire is, aa we know, the electro -motive force 
divided by the resistance. 

The absolute electro -magnetic unit of resistance is the resistance 
which satisfies Ohm's law when the electro- motive force is eqaal to 
the euirent, both being- expressed in electro- magnetic measure ; 
for we see that in the equation 



making C=E involves the condition r=l. 

If a wire whose ends are connected bj a wire at rest and with- 
out resistance be moving in a magnetic field, so that the number 
of lines of force cut by it in a second is equal to the current pro- 
duced in it, the resistance of that wire must bo unity. IF the 
current be measured by the deflection of a needle in the same 
magnetic field, it becomes unnecessary to know the intensity of 
magnetization in the determination of the equality of the poten- 
tial and the current, as we shall show that this, being a factor on 
both sides of the equation, ia cancelled out. In actual determi- 
nations, the earth's magnetism supplies a field whose intensity 
is uniform over a suSiciently large region. 

Rails and Sledeil I 

Let UB now return to our system of rails (page 276). The 
method we are about to describe cannot be carried out, but it is 
introduced for illustration, and a modification of it is used experi- 
mentally. 

Let OB consider the fixed connecting bar to be curved into an 
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arc of a circle (fig. 133), and let the rails be one centim. apart, and 
be in the same vertical plane. 



d 



'X 



Fig. 133. 

To simplify calculation^ let this plane be magnetic E. and W. 

Let now a straight vertical wire, whose resistance can be varied^ 
move along the rails at the rate of one centim. per second, viz. 
with unit velocity. 

Let the arc and the rails be supposed to have no resistance. 

At the centre of the arc, which, for simplicity, we will suppose 
to be a half circle, whose plane is at right angles to the plane of 
the rails — that is, vertical and magnetic N. and S. — let a small 
needle be suspended. The arc and needle will then form a tangent 
galvanometer, only, as it has only half a ring, its equation will be 

C = Htaii«- (1) 

IT 

or as 2 a = 1 centim. 

C = Htan«i (2) 

li IT 

As the length of the slider is unity, the number of lines it cuts 
per second will be equal to its velocity multiplied by the earth's 
horizontal magnetic force. 

When the slider moves, a diflference of potential is then pro- 
duced at its ends which is equal to 

Earth's Horizontal force x velocity of slider. 

The only resistance in circuit is the resistance of the slider. 
The strength of the current produced is then, by Ohm's law, 

equal to ^^ Earth's Horizontal force y velocity of slider 

Resistance of slider 

This tends to deflect the needle with a certain force. The 
earth's magnetic force pulls it back, and the moments of 
these two opposing couples vary with the angle of deflection. 
When the needle is at rest, the couples are equal. 

When the needle is at rest at 45°, tan 8 := 1, and the equation 
(£) becomes 

Hence we have, — 
When the needle is at 45°, — 

Earth's Horizontal force = 2 ir current. 
That is 
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Eirtli'* Huriiontal \ _ 2 „ Eirlirg n..riioii 

foi'oo J Bcsiataiicti ot'Blider 

Divide both sides of this equation by earth's horizontal Force and 
we have 



Multiply both sides by resistance of slider and we have 
BeBistance of slider ^ 2 n* relocitj of slider. 

We see that this result is independent of the intensity of the 
eai'tli's foree. 

TAe unit of resUlance U then the re»i»l-aHct of that wire which, 
if tiled at a sUder to conned the two rails above mentioned, would 
allaw a telocity of the slider of- — centims. per second to deflect a 

needleat ike centre of fie halfrinij 45". 

Tliis is the absolute electro-magnetic unit. It is, however, of 
inconveniently small dimensions; and therefore the B.A. unit 
or " Ohm" is defined as being equal to 10' (a thousand million) 
iibsolute electro- magnetic units. 

A mite of pure copper wire No. 16 gauge has a resistance of 
about ia.7 B.A.ir. 

Peactical Mbthods, 

\^'e will now examine the methods by which the unit is prac- 
tically determined. 

It is obvious that the arrangement with the rails and slider 
cannot be carried out. We must examine in what way we can 
modify it, so as to make it experimentally possible. 

The lirst necessity is to substitute circular for rectilinear mo- 
tion, so afl to keep the apparatus in one place during the operation. 
The next is to dispense with the rails and connecting bar. Wd 
must remember that if our slider had a resistance of only one 
B..\. unit, we should, to get a deflection of 45°, require a velo- 



«nd million centims., 1 



learly 1000 miles 



city of^tho 

per second. 

Revolvisq Seiiicikclb. 
If we place a semicircular wire, pivoted at A and B (fig. 134), 
with its diameter vertical and its plane coinciding with an equi- 
potential surface of horizontal magnetic force, i. e. magnetic east 
and west, and cause it to turn half round on its diameter in one 
second, so that at the end of the second it is in the positioa 
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shown by the dotted lines, it will have described a hemisphere, 
and the projection of this hemi- 
sphere on a plane perpendicular 
to the lines of force (the plane 
of the paper) will be the circle 
ACBC. 

The number of lines of force 
cut during the first second is 
then the number which pass 
through this circle. 

If now the motion is con- 
tinued in the same direction of 
revolution, the other hemisphere 
will be described in the second 
second. The number of lines of 
force cut will be the same as before ; but as, during the first 
second, the wire was moving from E. to W., and during the 
second from W. to E. (fig. I«*i5), the electro- motive force will, 




Fig. 131. Elevation. 



W 




£ 



Fig. 136. Plan. 

though numerically the same, be algebraically opposite; and if 
the first velocity be called + , the second will be — . 

Thus, in the first half of the 1 

revolution, a current is induced 
downwards* in the wire, while, in 
the second half, an equal current is 
induced in the opposite direction — 
that is, upwards. By suspending -A.J 
a small needle at its centre, we 
cause this revolving ring to be- 
come its own galvanometer. At 
the same time, as the current re- 
verses, the position of the wire 
with regard to a magnet sus- 

• See vol. I p. 27C. 




Fig. 136. 
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ponded at iU centre reversea nlso, bo the current will always 
tend tg deflect tbe magnet in the same dire<jtion. 

For, 1,-t A B (fi». 136) be a vertica] section of an ordinary 
tan^nt galvanometer, and let us consider separately two semi' 
cirules separated by a vertical diameter. The current at A is th^-ii 
upwards, that at B downwards; and they both tend to deflect the 
nceille in the same direction, and the two halves of the fixed ring 
are in precisely the same state as the revolving semicircle in its 
two positions. 

Revolving Ring. 

We have hitherto supposetl the current of the semicircle to 
complete its circuit by way of the supports. This, however, is 
not necessary; for if we make the revolving wire a complete 
circle, each half completes the circuit for the other, and we get 
double the effect on the needle. In order to still further increase 
the efl'ect on the needle, the simple ring is, in actual measure- 
ments, replaced by a coil of a large and known uumher of turns. 
Such was the apparatus used in the determination of the abso- 
lute unit of resistance by the Committee of tbe British Asso- 
ciation appointed to report on Electrical Standards in I>i61, 

Report of the CoHurmcs. 

Tbe following members of the Committee, appointed by the 
British Association, presented, in IStiS, & description of an 
"Experimental Measurement of Electrical Beeistance made at 
King's College, London,"* fitim which the following pages are 
extracted : — 

Members of the Committee: — Professor J. Clerk Maxwell, 
Messrs. Balfour Stuart and Fleming Jenkin. 

The description of the apparatus which is quoted is by Mr. 
Fleming Jenkin. 

The experiments were made in June, 1863. We must pre- 
mise that when the ring revolves with uniform velocity, the de- 
flection is perfectly steady; for though the force exercised on the 
needle is different at different points of revolution, yet, the voria- 
tions being periodic, and having a very small period (for the 
velocity of revolution is great), the force on the needle is alwavB 
eenaibly equal to the mean force. 

• Srport* on Eteelrical Standardi, p. 9?. Edit<il by Prof. Floeniuc 
JtnkiD, F.R.S. (Spon, 1873). 
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The second portion of the Report describes the methods of 
constructing resistance coils equal to the revolving coil. The 
following is the 

"Descuiption of the Apparatus:*' — 

Plate XXV. 

" For convenience of description, the apparatus with which the 
experiments were made may be divided into five parts : — (1), the 
drivingg^ar; (2), the revolving coil; (3), the governor; (4), the 
scale^ with its telescope, by which the deflections of the magnet 
were observed ; (5), the electric balance by which the resistance 
of the copper coil was compared with a German-silver arbitrary 
standard. 

** The general arrangement of the first four parts is shown in 
Plate XXV. 

The Driving Gear. 

" The driving gear (fig. 4) consisted of a leaden fly-wheel X, on a 
shaft A turned by hand, and communicating its motion by a band, 
i ^1 ^2 . . . . , arranged in a way equivalent to Huyghens* par- 
ing, to a shaft B, a pulley on which drove the revolving coil by 
a simple band a aj a,. The arrangement of the band hh^h^,,, com- 
municating the motion of the shaft A to the shaft B may be easily 
understood from the diagram. C C are two guide pulleys running 
loose on pins attached to the main framing. D D are two loose 
pulleys maintained at a constant distance by the strut E, to which 
the weight W is hung. 

" "When the rotation of the shaft B is opposed by a sufficient re- 
sistance^ the effect of turning the fly-wheel in the direction shown 
by the arrow is to lift the weight W from the ground, tending 
to turn the shaft B with a definite force, which will be sensibly 
constant so long as the weight is kept off the ground, and the 
band hh^h^... is kept unaltered in length. Wherever, as in the 
present experiments, the resistance increases with the speed of 
rotation^ the speed of the driving-wheel can easily be regulated 
by hand^ so as to keep the weight from falling so low as to touch 
the ground, or rising so high as to foul the gear ; and thus, with 
a little care, a constant driving force can be applied to the 
shaft B^ and to the machinery connected with it.'' 
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The Revolting Coil. 

"Tin; revolving coil* forrneJ the most important part of the 
apparatus. It Is Bbown otic-fifth full size in figs. 1 and 2, 
Plate XXV. 

"A strong trasa frame HH was Lolled down by three brass 
bolts, F P F, dowelled into a heavy stone. It could be accurately 
levelled by tliree stout screws, G G G. 

" The brass rings, 1 1, on which the insulated copper wire was 
coiled, were supported on the frame by a pivot, J, working in 
lignum vitfe, and by a hollow bearing, K ( fig. 1] , working in brasa ; 
this bearing worked in a kind of stufGng-bos, k (figs. %, 3], whicbf 
by three screws and a flat spring washer between it and the frame 
at J, could be adjusted to fit the colkr e with great nicety, pre- 
venting all tendency to bind or shake. Supported in this way, 
the coil revolved with the utmost freedom and steadiuesa. 

" The coil of copper wire was necessarily divided into two parts 
on the two rings, 1 1, to permit the suspension of the magnet S. 

" The two brass rings were each formed of two distinct halves, 
insulated from one another by vulcanite at the flanges _//. This 
insulation was necessary to prevent the induction of currents ia 
the braes rings. 

"These rings, after being bolted together, were turned with 
great accuracy by Messrs. Elliott Brothers. The insulated 
copper wire was wound in one direction on both rings; the inner 
end of the second was soldered to the outer end of tlie first ; the 
two extreme ends of the conductor thus formed were soldered to 
two copper terminals, Ai', insulated by a vulcanite piece, ir, bolted i 
to the brass rings. Each terminal was provided with a strong ' 
copper-binding screw, and had a mercury-cup drilled into its 
upper surface. The two coils could be joined so as to form s 
closed circuit, by a short copper bar between the binding screws. 
The bars, binding screws, and nuts were amalgamated to ensure 
perfect contact. When the copper coils were to be connected 
with the electric balance, the short copper bar was removed, and 
the required connections were made by short copper rods \ inch, 
in diameter, dipping at one end into the mercury-cup on the ter- ■ 
minats, hK, and at the other end into the mercury-cups of the 
electric balance. 

• Now depoaiteii in t!iu Cavendish Lnbomtory, Cumbridg*. 
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" The absence of all induced currents influencing the suspended 
magnet, when the circuit was broken at kh', was repeatedly proved 
by experiment. 

" Rotation was communicated to the coils by a catgut band, 
simply making half a turn round the small V-puUey I. The 
baud could be tightened as required by the jockey pulley t and 
weight w (fig. 4). 

" A second V-pulley, r, served for the bandco, communicating 
motion lo tbe governor by which the speed was controlled." 

Tug Couktee. 

" A short screw n, of larj^e diameter, gearing into a spur-wheel 
of 100 teeth, o, formed the counter from which the speed of rota- 
tion was obtained, as follows ; — A pin, p, on the wheel, 0, lifted 
the spring, q, as it passed j this spring, in its rebound, struck the 
gong, M. The blow was of course repeated at every 100 revolu- 
tions, and the time T of each blow was observed on a chronometer. 
The arrangement was equally adapted fur rotation in either 
direction. 

The Sospended Magnet. 

" The manner in which the suspended magnet was introduced to 
the centre of tbe foil is best seen in fig. S. A brass tripod N, 
bolted to tbe mainframe, supported tbe long brass tube O, which 
passed freely through tbe hollow bearing at k. A cylindrical 
wooden bos, P, slipped on to the lower end of tbe tube O. 

" The magnet hung inside this box, the lower part of which 
could be removed, to allow tbe exact position of the magnet to be 
verified. The support N also carried a short brass tube R, on 
which the glass case T could be secured by a little sliding tube. 
The mirror t, attached to the magnet S by a rigid brass wire, 
bung inside this glass case by a single cocoon fibre about seven 
feet long. This fibre was protected against currents of air by a 
wooden ciise (not shown in the plate), extending from the point 
of support down to the glass case. A little sliding paper prolon- 
gation of the wooden case made it nearly wind-proof, by tilting 
at tbe bottom against the main brass frame. An opening in the 
case allowed tbe mirror to be seen. The fibre at the top was 
suspended from a torsion-head, by which it could be turned j it 
could also be raised and lowered by a small barrel, and was adjust- 
able in a horizontal plane by three set screws. The care taken 
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in suspending tbe mnsjnot, and in protecting it both against cur- 
rents of air and vibration, was repaid by Bucoesa, for the image of 
the Bcale reflected in the magnet was as clear and steady when 
the coil was making 400 revolutions per minute as when it wus 
at rest. The governor used was lent by one of the committee, and 
generally controlled the Bpeed to such uniformity as allowed the 
deflections to be observed with as much accuracy na the zci-o 
point," 

The Bcale and Telescope. 
"The scale* and telescope hardly require speeia] description— 
they were arranged in tbe usual manner for this kind of experi- 
ment at about 3 metres from the mirror. Thd scale was an i 
engine- divided paper scale nailed to a wooden bar. This plan 
will in fiitare experiments be abandoned, as variations in the 
weather bad a veiy perceptible influence on the scale," 

The ELEcrnic Balance. 

"The annexed diagram (fig. 136) shows tbe electric balance^ 

by which the resistance of the revolving coil IT, Plate XIV., 

R, fig. 13t!, wascompared with that of an arbitrary German silver \ 




standard S, before and after each rotation experiment. The 
arrangement is a modification of the ordinary Wheatstone's 

• See vol i. p. 16fi. 
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balance.* A and C represent the branches of the balance, S the 
German silver standard, and R the copper coil to be measured.f 
JJu HH|, MM|y and LLi, are four stout copper bars with mercury 
caps a fl, a^ — b ij i, — e if and d tP, Two short copper rods, 
F and F|, can be used to connect a with b, and e with d. When 
this is done, the arrangement is exactly that of the Wheatstone 
balance, p. 248, with keys at K and K^ A and C were coils 
formed of about 800 inches of No. 31 % German silver wire, and 
were adjusted to equality with extreme nicety, and each assumed 
equal to 100 arbitrary units. 

^ If R on any occasion had been exactly equal to S, the ^Iva- 
nomer G' would have been unaffected on depressing the keys 
K K' when a was joined to b and c to ^J by F and F*, rods of no 
sensible resistance. 

'' This exact equality between R and S could never be obtained, 
owing to slight changes in temperature which affected the two 
coils very differently. The object of the modifications introduced 
was to allow the ratio between S and R differing by a small 
amount only, to be measured with great accuracy. 

" For this purpose a number of German silver coils were ad- 
justed representing l.S.4.8...512in the arbitrary units equal 
to the hundredth part of A or C. These coils were so arranged 
that any one of them could be introduced between the bars 
HH. and JJ.. 

" A single coil, equal to 1 in the same arbitrary unit, could be 
introduced between the bars LL^ and MMj. In this diagram 
this coil is shown in its position, and the rod P withdrawn. 
Similarly F is withdrawn from between H and J', and the coil 
1 joins a and b in the bars HHi and J J,. If no other coils were 
placed between HHi and JJi the arms of the balance would now 
be 101 and 101 respectively instead of 100 and 100; but the 
ratio would still be that of equality. Let us now suppose that, 
when the circuit with the battery is completed, the galvanometer 

• Vol. i. p. 247. 

t To eompare with fig. 99 we have 

In fig. 136. In fig. M. 

A corresponds to 8 
C ,, M 

8 „ a; 

% Diameter = 0*01 inch. 
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by its deflection shows that R ie bigger than S, we can reduce 
the resistance of the arm between D and Y by various small 
graduated end defiuite amounts, by introducing the coils 2, 4( 8, 
&c., between HH, and JJi. Ltt us first suppose the coil 2 in- 
troduced. The resistance between H and J will be the reciprocal 
of 1.5, or 0.6667 ; for where vurious resistances are added in 
multiple arc, the resistance • of the compound arc is the reci- 
procal of the sum of their condnoting powers, and the conducting 
power of a wire is the reciprocal of its resistance. The ratio 
between the two arms will now be 101 : 100.6667. Let us sup- 
pose that on completing the circuitthegalvanoraek-r still deflects 
in the same direction as before, the arm between D and Y must 
be still further reduced by including fresh coils between UH, 
and JJ,. It is very easy by trial to find the combination which 
maintains the galvanometer at zero when the circuit is completed. 
Let us suppose that, as in the diagram, the coils included 
were 1, 2, 4, 8, and 64. The reciprocals of these numbers are 
1, 0.5, 0.25, 0.125, and 0.015625. Thecouducting power between 
H and J is therefore 1.890625, the sum of those numbers. The 
resistance between H and J is 0.52!j93, the rccipro<-ul of the liut 
number, and the ratio between the arms will be 101 : 100.32893. 
A little consideration will show that with the coils named any 
ratio between 101 to 100.6 and 101 to 101 can be obtained by 
slops not exceeding 00195, the reciprocal of 51?, the lar^st 
coil or smallest conducting power which can be included between 
the copper bars HH, and J J,, By substituting the rod F, for the 
coil 1 between LL, and MM,, the observer can obtain a fresh 
series of ratios with the same steps between 101 to 100 and 100.5 
to 100. In this way it will be seen that unless the coils R and 
S diff'er by more than one per cent., their ratio can be measured 
in the manner described within 0.002 per cent, 

" It should further he observed that extreme accuracy in the 
coils 1, 2, 4, fcc, is not necessary, since an eiTor of one per cent, 
in the sum of these, as compared with their true relative value) to 
the coil C, would only affect the final result 0.01 per cent. 

" The position of R and S in the balance relatively to A and 
C, &c., is, of course, interchangeable. 

" The diagram is not intended at all to represent the practical 

nrrangement, but simply to show the connections. The coils 

• Vol. i. p. 262. 
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1^ 2, 4, &c., had amalgamated copper terminals, which simply 
dropped into mercury cups on the copper bars ; the observations 
could be made very rapidly and accurately, as the galvanometer 
was sensitive enough with four Daniell^s cells to indicate the addi- 
tion or subtraction of the 512 coil with perfect distinctness. 

'' The reduction of the observations to find the ratio seems 
somewhat complicated at first, but with the aid of a table of 
reciprocals it takes but little time. No improvement seems 
necessary in this part of the apparatus. The idea of using large 
coils combined with small ones in multiple arc, to obtain ex- 
tremely minute differences of resistance^ was suggested by 
Professor [now Sir] W. Thomson, and will be found useful in 
very many ways." 

The Contact EIey. 

** In all bridge experiments it is necessary to make contact 
in the battery circuit, before making it in the galvanometer 
circuit, and thus to avoid the extra current * produced imme- 
diately on making contact. It is also important that the battery 
current should not flow longer than necessary, as by heating 
the coils it alters their resistance. The key here shown (fig. 137) 




Flff.197. 

is contrived to make the battery contact just before the galva- 
nometer contact, and to break it just after. The upper springs, 
1, 2, give the battery contact, the lower, 3, 4, that of the gal- 
vanometer. The drawing now explains itself.f 

Details 

" The following are some of the details of the experiments 
made at King's College, June, 1863 :J — 
«, the number of windings was 307 ; 
/, the effective length of wire 302063 metres; 
D, the distance from the mirror to the scale 2*9853 metres. 

• See vol. i. p. 309. 

t For the mathematical theory of the experiments, see Beports on Electrical 
Standards, p. 101. 

X Beport* on Electrical Standards, p. 104. 
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"Determination of Deviation. 
"5 ie the difference between the reading of tlie scale wheal 
the magnet is acted on by the earth only, and when it is acted on j 
alsobythe induced eurrentB in the coil. To determine £ the readin 
of the scale is made when the coil is at rest, or when the circuit ib I 
broken. Another reading is taken with the connection complete 
and the coil in motion. If the direclion of the earth's magnetism 
remains the same, the difference of these readings is the true 
value of S ; but since the direction of the earth's magnetic 
action is continually varying, we must find the difference of 
declinalion between the times of the true readings, and calculate 
what would have been the undisturbed reading of the scale at the 
time when the deviation was observed. In these experiments this 
correction was made by comparison with the photographia _ 
registers of magnetic declination made at Kew, at the same tinl 
that the coil experiments were going on."* 

COBRKCTIONS. 

Corrections were made for — A, the dimensions of the section 
of the coil ; B, for level. 

In the actual experiments the level was taken with a epirit> 
level, reading to 12", and found correct to at least that degree o 
accuracy. 

C. Correction for the induction of the suspended magi 
on the coil. The strength of the magnetj as compared witfc 
that of the magnetic field, was measured by means of b' 
magnetometer from Kew by the ordinary method. t 

D. Correction for torsion of fibre. J: " This correction depends on 
the relation between the stiffness of the fibre and the directive force 
of the suspended magnet. The fibre was a single fibre of silk, 7 
feet long; the magnet was a st^el sphere -^ inch diameter, and not 
magnetized to saturation. The correction for torsion was there-a 
fore much larger than if a stronger magnet had been used."^ 

" E. Correction for position of suspended magnet," 
P. Correction for irregularity in the magnetic field due ti 
iron or magnets near the instrument, 
• See vol. i. p. 180. 



t IWa., p. II 

X Ibid., p. i; 

§ EeporU 0, 
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It was found that this correctioD was so small that it could be 
neglected. 

O. Correction for scale reading. 

The scale is supposed to be divided into millims ; if, however, 
it stretched or shrank, it would no longer be accurate. The error 
being measured, correction O is applied. 

H. Correction for electro-magnetic capacity of coil. 

Further Details. 

The account of experiments continues :* — 

*' The nature of the electrical action in the experiment may 
be stated as follows : — 

'' Suppose the plane of the coil to coincide with the magnetic 
north and south, and that the coil is revolving in the direction 
of the hands of a watch. Then the north side of the coil is 
moving from west to east, and therefore experiences an electro- 
motive force tending to produce an upward current.f The south 
side of the coil is moving from east to west, and therefore there 
is a tendency to produce a downward current in it. If the 
circuit is closed, there will be a current upwards on the north 
side and downwards on the south side round the coil. 

" Now, this current will icnA to turn the north end of the 
suspended magnet towards the east ; but the earth's magnetic 
force tends to turn it towards the north; so that the actual 
position assumed by the magnet must depend on the relation 
between the strength of the current and the strength of the 
earth's magnetism. But the strength of the current depends 
only on the velocity of rotation, the resistance of the coil, and 
the strength of the earth's magnetism. Hence the position of 
the magnet will not depend on the strength of the earth's 
magnetism, but only on the velocity and the resistance of the 
coil. 

"We must remember that the coil in its revolution comes into 
other positions than that which we have mentioned. As the 
north side moves towards the east, the current continually 
diminishes till it ceases when it is due east. The current then 
commences in the opposite direction with respect to the coil; 
but since the coil itself is now in a reversed position, the effect 
of the current on the suspended magnet is still to turn the north 

♦ Beports on Electrical Standards, p. 106. 

t Compare vol. i. p. 288, " Revolving semi-circle." 
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end to the eaet. The action of the current on the magnet is, 
therefore, ol' an intermittent nature, and the position of the 
naagnet ifi not fixedj but continually oficillating. The extent of 
these oscii lilt ions, however, is exceedingly small. 

" The whole extent of the vibration would be leas than -j-fr^ of 
a millim. on the scale. 

■'This vibration was never observed, and did not interfere with 
the distinctness of vision. 

" The only oscillations observed were llie fi-ee oscillations of 
tbe magnet. They arose from accidental causes at the beginning 
of the experiment, and were subject to slight alterations in 
magnitude due to speed of rotation, the passage of iron steamers 
in the Thames, &c.* 

"The time of one vibration was about 9.6 seconds, and by 
reading the scale at the extremities of every vibration a series of 
readings was obtained. The intervals between each were approxi- 
mately equal. All we have to do ia to observe the deviation at 
every oscillation, and to oscertain the whole number of revolu- 
tions during the time of observation, and the exact beginning 
and ending of that time. This was done in the following way 
Method of Working. 

"The coil was made to revolve by moans of the dri' 
machine, and its velocity was regulated by the governor. While 
the required velocity waa being attained, the oscillations of the 
magnet were reduced within convenient limita by means of a 
quieting bar at a distance. The quieting bar was then put in 
its proper place, and the observation commenced.! 

"One observer, A, took the readings of the scale as seen ia 
telescope, writing down the deviation at tbe extremity of ev( 
oscillation, and thus obtaining a reading every 9.6 seconds. 

" Another observer, B, with a chronometer, wrote down 
times of every third stroke of the bell. The times thus found 
were at intervals of 300 revolutions. When the observer B 
noted the time, the observer A made a mark on his paper, so 
that alter the experiment the readings of deviation could be 
compared with the readings of the chronometer takea at 
same time. 
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** The mean time of revolution between any two times of 
oljeervation conld thus be found and compared with the mean 
deviation between the same limits of time, and any portion of 
an experiment accidentally vitiated could be rejected by itself. 

" The experiments of each day commenced with a comparison^ 
by means of an electric balance, between the resistance of the 
experimental (revolving) coil and that of a German silver coil 
(called Time 4). Then a series of readings of the scale was 
taken, to determine the undisturbed position of the magnet. 
The times of beginning and ending this series were noted, and 
called times of 1st SiCro. 

'^ Then the coil was made to revolve, and readings of deviation 
and of time were taken, as already described, and called 1st Spin -t . 

** Then the direction of rotation was reversed, and a second set 
of readings obtained, and called 2nd Spin — . 

'^ Then the undisturbed position was again observed, with n 
note of the time. This last was called 2nd Zero. 

'^ Lastly, the resistance was compared again with the standard 
coil. This series of experiments was then repeated, if there was 
time. 

" From the values of 1st and 2nd Zero, together with the 
information obtained from the photographic resisters at Kew, 
the true value of the undisturbed reading during the 1st and 
2nd spin was obtained. The difference between this and the 
actual reading is the deviation h, due to the electric currents. 

Result. 

From these experiments, by a mathematical calculation, the 
resistances of the arbitrary German silver coils were determined 
in absolute measure. The absolute resistance of any one of them 
being known, coils of given resistances can be constructed by the 
ordinary methods. The absolute resistance of the German silver 
coil marked " June 4, 101" [arbitrary units] was found to be 
107620116 melres per second. 

Issue of B.A. Units. 

This determination being completed, the Committee proceeded 
to construct material copies, each having a resistance equal to 
one thousand million centimetres per second, that is — 

30» C.G.S. units. 
21 
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Tbia lar^r unit ia called Bometimes the " Britieb Associatioa 
unit," written "B.A.U.;" Bometimes the "Ohm," after tb 
discoverer of the law of electrical rcBistance. 

Metals and Alloys Selected. 

An importaut question aroee aa to what was the best materia 
of which to manufacture the coils. 

The following is the answer to it I)y the Committee* taken 
from Appendix A, by Dr. A. Matthiessen, F.R.S., and Mr. Ch. 
HockiUj to the report of 18ti5 : — 

" Several uuit-eoils have been made mid isEued. 

" \\'e propose to state the method by which these eoils wem 
made, and the reasons lor choosing the particular alloy which )ma 
been adopted for the conductor. 

"The alloy referred to is composed of 06 per cent, of silreti 
and ^3 of platinum. 

"This alloy possesses many properties wbieh lit it for the \ 
to which it has been put. 

" As to its electrical properties :— 

" I. It alters less in electrical resistance with clian<*es of tem^ 
peratiire than any other known alloy. 

"The importance of this point needs hardly to be enforced 
on any one who has usi-d resistance coils. 

" The increment in the resistance of the alloy, due lo a changs 
of temperature from 0" to 100° C, is only 3.2 per cent. 

"II. The conducting power of the alloy is very low, and if 
about one-half that of German silver. 

" 111. The conducting power of the alloy is not altered by 
baking, i.e. by exposing it to a temperature of about 100'' C. for 
several days. 

" This is a property of great importance, for it baa been ob^ 
served that those conductors wbieh do not alter by baking do n 
by age either. The experiments by which this has been established. 
have been published in former reports. 

" IV. The conducting power of a wire of the alloy ia littls 
altered by annealing. Further, the alloy does not oxidize by- 
exposure to the air; it does not readily alloy with mercury; it 
makes a sufficiently pliable wire, and can l>e drawn to a very great 
degree of fineness. Of this alloy twenty unit-coils have b«ii 
• Bvportt on Mlectrical Slanilardi, p. 135. 
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made and sent to several leading electricians at home and abroad. 
The form of bobbin adopted for putting up the wire (shown 
in Plate XXIII.) has been found very convenient, as it can 
be immersed in water during an observation. The wire is twice 
coated with silk, and protected by being imbedded in solid 
paraflSn. 

" Besides the coils already mentione<l, fpn unit-coils have been 
made, which will be deposited at the Kew Observatory. 

" Any one possessing a copy of the B.A.U. may have it com- 
pared at any future time against one of these coils for a small 
payment. 

" Of the coils to be sent to Kew two are of the platinum-silver 
alloy, two of a platinum-iridium alK»y, and two of commercially 
pure platinum. 

•' Two mercury units have also been prepared. 

" With so many coils for reference, made of such different 
metals, it appears quite improbable that the unit now proposed 
should be lost. 

" Alon;; with the above-mentioned coils will be preserved the 
standard coil used in the experiments first referred to, the coil 
used in the similar experiments made by the Committee in 1863, 
and several copies of these coils, 

"Of the coil called 'June 4,' in the Report for 1863, two 
German-silver copies have been made. Of the other coil used in 
1864 two Gennan silver, two gold-silver, and one platinum-silver 
copy have been made.*' 

Standard Completed and Deposited at Kew. 

" These coils have twice been re-compared together at intervals 
of three month?, and will be again compared ; and if they are still 
found not to have altered they will be deposited at the Kew 
Observatory for reference, their values being engraved on them. 

All the coils to be issued are re-compared some weeks after they 
are made, and rejected if they are found to have altered in resis- 
tance O'Ol per cent. 

" All the coils sent out are correct at the temperature written 
on them to within 0*01 per cent., and this temperature lies between 
14-5® and 16-5^ C. in all cases.'' 

For ordinary work the units are made of German silver, as it 
is nearly equal to the platinum alloy and very much cheaper. 
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CHAPTER XXVII. 



MUTUAL ACTION OF CtlBILENTS ON EACH OTIi 

cuhrknts and maonets. 



L AND UETWEKS 



We have stated that if two wires currying currents bo freely 
suspended, a force will be observed between them whieh v." ' 
attractive if tbe currents are in the same dii-eetion — repulsivil 
if they are in ojiposile directions- 
Wires bein^ suspended so that they can turn and move witb< 
out much friction, and without stopping the battery currents, tl 
actions are observed. 

Experiment has shown that the action of a small plane ciiva 
is the same, at distances wbich are great, in comparison wiih til 
diameter of the circuit, as that of a small mag'net inside it haviD 
its pole in the position that, if previonsly magnetized, it wou] 
take up under the influence of the current, and having a magneti 
moment equal to tbe product of tbe strength of the current iai 
its small area. 

Thus, any very small plane circuit may be considered as eqnt 
valentto a magnetic shell bounded by the wire, and whose ma;^ 
netic intensity is equal to tbe strength of the current. The 
marked side of tbe shell is on the side to which the marked ei 
of a magnet placed inside would turn. 

The following demonaiiation is due to Professor Ma: 

Tbe magnetic action of any closed circuit whatever is the Ban 
as that of a magnetic shell bounded by tbe wire, and of a streng! 
equal to tbe strength of the current. 

First, suppose tbe area bounded by the wire to be entirely Glh 
up with very small circular currents (fig. 138) — that is, small riD| 
put as close together as possible, then smaller ones in the spac 
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led between them, then smaller ones in the residuid gnps, and so 
on till the whole Burface is covered; nnd let a 
current of the same intensity, and in the same 
direction as the mnin current run round each; 
then each is equivalent to a magnetic shell of 
its own area and of tbe same streogth tis the cur- 
rent ; and nil these shells added tog etiier make one 
shell of the same strength as the current, and 
whose area is equal to that of the original circuit. 

But the magnetic effect of this system of cir- 
cuits is equal to that of the original circuit, for 
" the magnetic eflect of two equal and opposite 
currents flowing close together is absolutely *' '"" 

zero." Now every current in these rings, except those in the 
outside portion of the outfide rings, has another equal and 
opposite current flowing close to it, and tlierefore the magnetic 
effect of the whole system becomes that of a current of the same 
strength as the original current, and whoso shape can, by in- 
creasing the number and diminishing the size of the imaginary 
rings, be made to differ from that of the original current by as 
small a quantity as we please. 

And, as things which are i-qual to the same thing are equal to 
one another, we have shown that any current forming a closed 
circuit is equivalent to a magnetic shell of the same strength, and 
whose edges coincide with the wire. 

We stated in Part II.* that tbe magnetic action of a magnetic 
shell on any point outside it depends only on its strength and the 
solid angle subtended by its bounding edge, and therefore not on 
the shape of the shell; and we now see that this is tbe case 
if we consider the equivalent current; for the small circuits 
which are equal to the shell, and also to the original cur- 
rent, will continue to be etjual to the latter in whateverway they 
are drawn, whether on a plane surfncc or one curved in any wa}'. 
The only requirement is that each is close to the one next to it — a 
condition which can be fulfilled equally well by a surface of any form. 

To calculate the magnetic potential at any point due to a 
current forming a closed circuit — 

Substitute for the circuit its equivalent magnetic shell, ^it^ 
then calculate as for a magnetic shell. 
• Vol. i. p. 168. 
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CHAPTER XXVIir. 

, RELATION BKITTEEN VAKIATION OK POTtNTl 
OF CmittNT. 

\ Ohm's Inw tells its that, when tbc rceistance i§ cun^tant, the 
I leurreiit in any wire vums directly us the diflui-cnce of potentiul 
\ at its puds. 

Let ua draw a liorizoBtal line AB, fiffsL 139, 140, I4l, who« .■ 



AL AND SmEXGTB'^H 




Kg. im. Fig.lW. 

length represents the resistance of a wire carrying a current; 
and k-t ue draw vertical lines at various points whose lengths 







represent the potentials at those points — positive potentials bei 
drawn npward, negative ones downward. 

By Ohm's law the extremities of these ordinates will all li( 
the same straight line CD. If the diiferenee of the potential 
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the ends is ^reat, the slope of the line CD will be steep; if it is 
small, the line will be more nearly horizontal. That is to say, 
the slope of the line CD represents the rate of variation of potential 
as we travel along the wire from A to fi. 

But as the line CD is straight, its slope depends directly on 
the difference of height of its ends, and inversely on the length 
of the line AB. 

By Ohm's law the strength of the current varies directly with 
the difference of potential at the ends of the wire, and inversely 
with its resistance. Therefore the slope of the line CD represents 
the strength of the current in the wire. 

But as we have just shown, this slope also represents the rate 
of variation of the potential. Therefore, the strength of the 
current in AB is proportional to the rate of variation of the po- 
tential in it ; and as AB may be made as small as we please, we 
may say that the current at any point in a wire is proportional 
to the rate of change of the potential as we begin to leave that 
point. 

Finally, by so choosing our units, as we have done on the 
C.G.S. system, we may make the ratio one of equality, and say — 

The current at any point in a conductor is equal to the rate at 
which the potential varies as ice befin to leave that point* 

Of course the direction of the current is given by the direction 
of the slope of the line CD. 

* That is — If y be the potential at the point, the current is ^ irbere 9 is 
a leu^h measured along the rire. 
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CHAPTER XXIS 

Ct'RKENTS PHODUCED BY INDUCTION ON CLOSING AXD BREACnfO 

TilE CincUlT. 

Rklativl Motion. 

The experiments described on page^ i7C and 277 have shown 119 
that if we move a wire in the ndghboiirhood of a mn^net, a 
certain dilTereiiee of potential is produci-d at the ends of tlie wire. 

We iilao s;iw that the eume ell'L-et will be produced if we leave 
the wire stationary and move the magnet, as there is the same 
relittive mutioa in each case. 

Instead of a magnet of oidinary form, we va^'^ use a magnetic 
bIu'II; nnd, finally, we may replace the magnetic shell by its 
etpiivalent current, as in fig. lyS, p. 305, and in fig. \iS\, p. 277. 

Now we have shown that the potential at any point due to a 
circuit is equal to the solid angle subtended at that point multi- 
plied by the strength of the current ; so that, if we vary e'ttheT 
the solid angle or the strength of the current, we vary the 
potential. 

When we move the wire, we have shown that we cause an 
electro-motive force in a wire in its neighbourhood as long as 
the motion continues; and similarly, if we vary the current, we 
cause a similar electro- motive foi-ce as long as the variation 
continues. 

Vauiation oi' Cuurent. 

Increasing the current has the same eflfect as approaching the 
wire ; diminishing the current has the same effect as moving the 
wire away. 

Gradual Increasb. 

When the ends of a wire are connected to a battery, the cur- 
rent which (lows through the wire does not at once attain its 
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maximum value, but gradually increases for a short time (a small 
fraction of a second). Similarly, when the current is interrupted, 
the diminution is somewhat gradual. 

In each of these cases a current will be induced in any neigh- 
bouring wire, which current will be in opposite directions on 
making and breaking contact, and will be nearly instantaneous 
in duration. The direction of the induced current, on making 
contact, is the same as that which it would have if the inducing 
current, flowing constantly in the same direction, were brought 
nearer to the inducing wire ; that is, it is in the opposite direc- 
tion to the primary current. 

We see that the strength of the induced current will be influ- 
enced by the rate at which the potential of the secondary wire is 
made to vary, because that is proportional to either the rate of 
variation of the solid angle, or the strength of the inducing 

current. 

Extra Curkent. 

If a current be sent through a coll of wire, it is observed that, 
on closing the circuit, the current does not instantly reach its 
maximum value, and that, on breaking the circuit, it does not 
instantly fall to zero. This effect is the same as would be pro- 
duced if, at the moment of closing, a transient current were 
produced in the wire in the opposite direction to the primary, 
and, at the moment of opening, another in the same direction as 
the primary. 

The same effect would also be produced if the phenomena 
of the electric current were due to the motions of a fluid having 
inertia, and therefore momentum when in motion. If this 
were the case, the fluid would, when the electro-motive force 
was applied, begin to move slowly by virtue of its inertia, and, 
when the electro-motive force ceased, its momentum would pre- 
vent the resistance from at once stopping its motion. 

Many experiments have shown that the first of these hypo- 
theses is the correct one ; or, at least, that the first hypothesis is 
the true explanation of by far the greater portion of the eff*ect. 
There is still, however, a minute residual efl*eet about which 
experiment has not yet given a decided answer. 

The transient currents in a coil are produced hy the induction of 
each portion of the current on the neighbourivg wires, on which 
it acts as if they were portions of another circuit. 



jio ..Hod tte ■' '■""' 

„ ancles to ''■ ' Tlii. is l"**""' 



1 

2, 



L 



■ 1 rw, »>>« »"«"'=' ,„ ib, .tort 

This is ■"""Sfth „" '""''"^ V t„t ps.«=s ««'■ "'""; 

it givM » P'°r I,,,, been teceivw "J " . 
■ tL i..P»l«-. "^^ : „.t. Tbe »"«»; 'J , .r Ito <"« 



.staiit. t"« total _ 



Duralion of Induced Currents — Blascrna. 3 1 1 

BlaSBR.Na's EXPERIUtNTS. 

'Professor Blaserna* hasinvesiigated tlie laws of currents of 
opening and closlntf, and the duration of tlie currents producwl, 
l>oth on ojieninjr und clusing, both in tliti wire itself, and id 
other wires in the neighbourhood. 

His method of proceeding was aa follows : — 

To measure the durotion of a current in the secondary wire, 
it is necessary to disconnect the secondary wire from the galva- 
nometer at a small known interval of time after the closing or 




opening of tlie primary circuit. The shortest value of this 
interval which is found not to alfect the strength of the secon- 
dary current is llie duration of that secondary current. 

ThK DlFFEKESTfAl, InTKRKUPTOU. 

Professor Blaserna makes tins measurement by means of tno 
cylinders, CC fig. 14+, clamped on a L'ommon axis, the surface of 

carraoti. X'''" 

where ( is a time not Xea than that wlilch tbe primarj cQtrent takes to vary 
froin zero to itx maxiiniim vuluu on closing, or Irom its mmimum ralae to 
tXTQ on opening the circuit. 

* Sullo aviluppo e la duratn dfllc correnti d'induztoiie, e delln estracorrenti 
Profemor Pivtro filaa^ma. Gioraale dt ScUiiia A'alurali ed E-onomicie. 
Vol. vi.. 1870, Palermo. 
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part of eacli beiDg wood, part metal. Two metal springs firess 
tlie two cvlindera, one on eaeli, and respectively close or open 
primary and secondary circuits, according to whether they pre^ 
on wood or metal in each caee. By causing the cylinders to 
revolve rapidly, and with known velocityj any duration of contact, 
however short, can be obtained at will. 

Fig". 144 gives the details of the apparatus, which the inveni 
calls the " Differential Interruptoi." 

Fig. 1 45 is a diagram of the same apparatus. 




Round the pulley-wheel A passes a band from a heavy fly< 
wheel, which is turned by hand by an assistant. By means ( 
a tniin of cog-wheels, Br RV, a very rapid motion is commuo] 
catcd to the cylinder. M M' are the contact springs, which can 
be moved longitudinally, and clumped in any position. Th( 
cylinders can be placed in any position with regard to each otheri 
the position being known by the divided circles <ld'. 

The springs mm' which press on the rollers cJ complete tha 
circuits. 

The metal portion of the surface of the cylinder is, on tfatf 
primary cylinder, cut into steps; on the secondary, partly intfj 
steps and partly on a slope. 

By suitably placing the springs MM', we can cause thft 
secondary circuit to be closed or opened wht-n the cylinder hw 
turned through any desired angle, alter either the closing or tb9 
opening of the primary circuit. 

Mbasuiiehekt of the Velocity of Revolution. 

A wheel B is fixed to the axis of the cylinder, and turns wiA 
it. In its rireumfercnce are several rings of holes, the holes in 
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each ring bein«^ equidistant from each other. The rings contain 
96, 48, and 24 holes respectively. 

A jet of air from an india-rubber tube plays upon the wheel, 
and is alternately checked or allowed to pass freely, according as 
a hole, or solid metal, comes opposite to the mouth of the jet. 
When these openings and closings succeed each other rapidly, a 
musical note is produced. 

Now the number of vibrations per second of a tuning-fork or 
other instrument producing a note is known. When, therefore, 
the note produced by the air- jet is the same as that of a tuning- 
fork which gives n vibrations per second, we know that n holes 
pass the aperture in a second, and therefore that the number of 
turns per second is 

n n n 

9t>' 48" ""■ 24' 

according to which row of holes we are using. 

An observer, with a sufficiently good musical ear, can deter- 
mine the velocity more accurately by this than by any other 
method. 

Now suppose the cylinder turning with a velocity of N turns 
per second; and that between, say — closing the primary current 
and opening the sccondar}', we have to turn the cylinder 6 degrees, 
then the time which elapses between closing the primary and 
opening the secondary will be 

- — . of a second. 
360 N »'^""» 

which, if we are using, say the outside row of holes, will be 

--- . — ^ vp . - of a second, 
300 n 16 n ' 

where n is the number of vibrations per second of the note 
given by the perforated wheel. 

Preliminary Experiments. 

Professor Blaserna first describes a number of preliminary 
experiments to show that the instrument may be trusted to 
make contact exactly at the times when the edges of the brass 
come under the springs, and not a fraction of a second later. This 
point being satisfactorily established, he goes on to the experi- 
ments which form the real object of his research. 

The room in which the experiments were made was about 18 
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feet square, and the " DifferL'iitiul Interruptor " was bolted to a 
stone eUb fixed to one wall nTthe room, while the j^lvaDometer 
stood Oil another similar sJub at tlie other side of the room, and 
was therefore not affected by the vibration of the raaehinery. 

One of the galvanometers was a tangent galvanometer fur- 
nished with a mirror. A Diethod of graduating' it, that is of \ 
eliminating its errors and determining exactly what strength o£ 
current corresponds to each deflection, is given. An astatic gal- 
vanometer is also used in the observations. 

The firat experiments were made on the 

iKDtCED CtlRllENT OC ClOSINO. 

In these, the arrangement was that of fig. 140. The primary \ 
current was closed tor 180% and the secondary current wob ' 
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It was found that when the circuit was closed, and a cuirent 
passed which caused a deflection of 25° in a tangent gal vanometer 
B, that the impulse due to the closing deflected the second ga1vano< 
meter G, 3i°. The coils SS' were distant 1 centim, from eacli 
other. On turning the wheel gently so that the cylinder made I 
376 revolutions per second, the deflection of the induction ' 
galvanometer at once went up to 36°, showing that the eflects i 
on the needle of the quickly recurring impulses were added ti>- j 
gether. 

As the velocity increased the deflection increased, until At ] 
907 turns the deflection was 42°. Tliis was its maximum, and 
it then began to decrease, owing to the secondary circuit being ■ 
broken before the current in it was fully formed. 
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The following deflections were obtained : — 

Toms per teoond. Dtflectlon. 

10-10 38-34 

1223 7 

16-66 1 

19-06 \ 

19*90, and above .... 

That is, that when the velocity was greater than 199 turns 
per second, the current was broken before the induction current 
began to be formed. From these experiments we obtain the 
following results : — 

" Tke induced current is not formed suddenly at the moment of 
closing, but after a certain interval of time. It arrives ropidly at 
a maximum^ and then decreases more slowfjf." 

Flrofessor Blaserna states that the shape of the curve ex- 
ptctring the relation between the velocity of revolution and the 
gtrangth of the induced current varies, not only with the 
Attftiiee apart of the spirals, but with the specific inductive 
eqwcity* of any substance which is placed between them. 

Hie time t which elapses between the closing of the primary 
Imd the commencement of the formation of the induced current, 
depends on the distance between the spirals and the substance 
between them. 

The following are some of Blaserna's results : — 

Diatonoe between the Spirmls. « 

1 centim. of air 0000167 seconds 

23 „ „ „ 0000208 „ 

2*3 with dine of shellac .... 0*000380 

4 „ „ of air 0000290 

1 centim. with lar^e disc of shellac . . 0*u00450 

1 centim. with 4 layers of glass, each of 

thickness of shellac disc . . . 0*000373 

1 centim. with disc of sulphur . . 0-000402 „ 

1 centim. with disc of resinous pitch f . 0-000685 (P) „ 

From these and similar experiments he deduced the distance 
which there would have to have been between the spirals, in order 
that the induced current should commence one second after the 
closing of the primary when the space between was filled with 
different substances. 

• More probably the magnetic inductive capacity. Experiments with the 
Hughes Induction Balance, vol. i. p. 282, might elucidate this point.— j.E.e.o. 
t Pecegreca. 
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3i6 H^^^^^p MUctro- Kinetics. 

We have 

Tnr Air '•!7() metm 

UliuB Gl „ 

Bhelloc 67 .. 

(Lsi^ce didc) -U .. 

Sulphur 62 ., 

Rwinoo* piUli" SOi?).. 

Iheee distances he c&Us the" retardation" produced bj- tliedilfe* 
rent substaniies. 

KnD of the InDUCKD ClTBRENT. 

For this portiou of the iuveetigHtioii the method adopted was, 
to 8o arrange the cylinders that the Bc-eondory current was closed 
aliout 3" aj^er the primary; so if the piienomena were not com- 
plicated by any disturbing canse, the duration of the induced 
current, or rather the interval between the closing of the primary 
and the end of the induced current] would be the time taken by 
the cylinder to turn 3° when the speed was the least that gave 
no dcflectinn of the galvanometer. 

The phenomenon is, however, complicated by two things. 

The reaction of the secondary current on the primary circuit, 
and the donbt wliich exists aa to whether or not the induced 
current ceases at the moment of breaking the circuit or whether 
it remains for a short time in the wire. 

Blaserna was not able fully to correct for these errors, but ho 
gives as an approximation, that the duration of the current of 
closing varies from O'(J01C24' second to 00019(30 second. He 
unySj however, that he attaches but little value to these resuita. 
He considers it possible tliut there may be severul maxima and 
minima. 

The iNDtcBu Cubkent op Opening. 

For exjjerimentfi on this the cyHnders were arranged so that tlie 
secondary current was closed at the moment when, or fur greater 
precaution a moment before, the primary was opened. 

It was then found that — 

The enrrent of opening it iolh formed and complelfil in a time 
thorler than thai, of the eurreut if eliming. 

The following comparative results are given : — 

Time required to attain maximum under the same conditions. 
Current of cloning .... 0000485 seconds. 
Ciirnrt of opening ... 01X1275 
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Maximum intensity^ 

Current of closing . . . 23770 arbitrary unitM. 
Current of opening . . . 8600O „ „ 

It must be remembered, however, that the " area ^' of the two 
currents is identical ; that is, that the time integral* has the same 
value for each. 

This means that the total quantity of electricity carried across 
the wire is the same in each direction. 

Then, if the current of opening is more intense, and less in 
duration than that of closing, the difference of potential along 
the secondary must be greater in the former case than in the 
latter. 

Professor Blasema finds that the ratio of the potentials in the 
two cases is about 13 to 6. 

Now, Messrs. De La Ruef and Miiller have found that the 
length of the spark obtained in air from batteries of 600 to 5640 
cells varies as the square of the number of cells ; that is, as the 
square of the difference of potential. 

Now, suppose the induced current to be strong enough to give 
sparks, we should by Blasema's results have — 

Ratio of length of spark due to current of opening to that due 

to current of closing, 

=: 13« : 6' = 4-69. 

But in addition to having greater intensity, the current of 

opening is formed much more quickly than that of closing. 

Now, the effect of the correction which has been applied to the 

numbers. 

860, 237 

to obtain the ratio 13:6 appears to me, as far as I understand 
Professor Blaserna's reasoning, to be to almost eliminate this 
fact, \ihich is known to be very important to the length cf 
spark. 

Taking the uncorrected numbers, we have the 

Ratio 8602 : 237« = 13 about 

In an induction coil % the spark produced on opening is very 

much greater than that produced on closing ; much more than 

thirteen times greater. 

♦ See note t to page 310. 

t Troc, Roy. Sue, 1876, vol. xxiv. p. 167. 

X See vol. ii. p. 43. 
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The cnsea are, however, hardly comparable, as in the iiidiK^tion 
coil liie effects are com]jlicBted by tbe time re^uii'ed Ui magnetize 
mid (leraagiietize tlie iron core. 
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L'ted value of tlie ratio, which is simply tuken from 
llie swiug, is lo a certain extent analogous to the spark length, 
as the swing depends not only on the strength of the impulse but 
ou its BuddenncFs. 

The Extea Current of Ci^sino. 

For the investigation of the extra current one coil S was ueed, 
and it was coanected as shown in fig. 147. 

A short band being used and the wheel not being turned loo 
iliKt, nsc-iilations were observed in llu- current which siiowed that 



ne-im. 

igainst the prim 



Tlic firt^t result 



I he extra current acted 

itbtained was that — 

" T/ie itt'/uceil current Jo 
current, and commeneei to i 
t-ht momeHf. of eloting" 

Further observation Bho(i 
that is, that instead of the extra current attaining a 
and then diminishing, it pasiSCR through several mi 



In Plate XXVI., eirves v. and vi. represent the values of the 



m* itiflf tfigdlier «ilh the principal 
rculala (hou>ever feehli/) »uildenlj at 



t that there are several oscillatinnB, 



extra current ; and, therefore, mea- 
ird from the top gives the values of j 



primary current, mii 
Buring the ordi nates dt 
the extra current. 

The variable state of the extra current may last &B maoh 
f^ of a second. 

A study of the curves shows that — 
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The first oscillation of ike current kas a great amplitude and 
a small duration ; the second, less amplitude and more duration ; 
that the amplitude goes on regularly diminishing and the dura- 
Hon increasing, till at last all the oscillation vanishes and is 
confounded with the horizontal straight line, which represents the 
normal state of the current.'^ 

We may account for the oscillations in this way : — The extra 
current always tends to alter the direction in which the current 
is varying. Thus^ while the current is increasing, the extra cur- 
rent tends to make it decrease ; as soon as it begins to decrease^ 
the extra current tends to make it increase^ and so on.* 

The Extua Current of Opening. 

This is much more difficult to study than the curreut of closing, 
as an arrangement of the interrupter has to be made, such that 
at the moment of opening the battery -circuit, the coil shall be 
connected with the galvanometer. 

Having made this arrangement Blasema found, first, that — 

*' The extra current of opening consists of alternating currents 
which succeed each other at short intervals of time,'* 

This was the result of some preliminary experiments; further 
observations showed that — 

'* The extra current of opening consists of oscillations, more or 
less energetic, which are much more rapid than those of closing, 
and of which the duration is much shorter J' 

Law op Lknz. 

In 1834 Lenz enunciated this law — 

" If a constant current flows in the primary circuit A, and if by 
the motion of A, or of the secondary circuit B, a current is induced 
in B, the direction of the induced current will be such that, by its 
electro-magnetic action on A, it tends to oppose the motion of 

the circuits.'^t 

If, for a current moving away from, or towards another, we 

substitute a current whose strength is diminishing or increasing, 
we shall see that Blaserna^s results, particularly as to the oscilla- 
tion of the extra current, can be explained as deductions from 
Lcnz's law. 

* Thi:s explanation is a mere deduction from Lenz's law. 
t Maxwells Electricitg, 542, vol. ii. p. 176. 
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ScUILLEtl's ESPEBIMENI'S OK EleCTRIO OSCILLATIONS.* 

Iq 1874, Scliiller published an occouot; of some experiments 
on "Electric Oscillations." lie found that if an electric current 
be suddenly interrupted in a primary coil R.,, which acts by 
induction on n secondary coil It,, ihe enii» (if E, being insiih/e'l 
from each other, that there will be a great number of extremely 
rapid " oscillations" in the secondary ; that is, that if one end of 
the secondary Uu coimected to the earth, the other will have 
rapidly alternating (+) and { — ) potentials. 

Tlie duration of eacli oscillation varied in difiereut esperiments, 
but generally it was from 6 to Xl bum! red- thousandths of a 
■eoond. 

When tfa« enda of the momAary irew connected to* oondaiiwr 
the length of each OMilUtioii wu incTOHed. 

The oioUlstioiiB were measared by the feUowiitft matfaod ^~ 




A primary coil R, was connected to one Daniell cell B, and 
to a contact key P'. 

R, was placed inside a secondary coil R,, one end of which was 
connected to earth, and the other through a key P to a condenser 
C, and to one pair of quadrants of an electrometer. The other 

* Eioige experimenUlle Untenachangen iiber eleotrische ScliwingaiigeQ 
TonN. Schiller, P«gg. Add. 1S74, p. 536. 
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qoadrants and the other plate of the electrometer were coDnected 
to earth. 

The keys P and P' were ordinarily kept closed by springs^ but 
were so arranged that when opened they would remain open. 

The keys were opened by means of a heavy pendulum^ which 
was kept in a horizontal position by means of an electro-magnet^ 
and, on being released, fell in the direction of the arrow, and struck 
the levers h U, 

When h and K were in the same straight line, the contacts 
were broken simultaneously. 

The key P could, however, be moved by means of the micro- 
meter screw M, so that the lever h was not struck till a certain 
time after the lever hi. The scale S showed the number of turns of 
the screw, and fractions of a turn were read on the divided head M. 

When the velocity of motion of the pendulum was known, the 
time interval corresponding to one division of the scale S could 
be determined.* 

Thus it was possible to break the contact in the secondary coil, 
at a small known interval of time after that of the primary. 

When the electric oscillations take place, the potential becomes 
alternately ( + ) and (— ). 

The curve of oscillation is of the same general kind as the 
curve represented by that part of curve V., Plate XXV'I., which 
lies between the verticals 2 and 11, if the horizontal line 13 be 
taken as the line of zero potential. 

Now, as the potential is changing from ( + ) to ( — ) or from 
(— ) to ( + ), it passes through the zero line, and thus, at the 
beginning and end of each oscillation, the potential in the 
secondarj" wire of the electrometer will be zero. 

If the secondary circuit is broken at the commencement of an 
oscillation, there will be no deflection of the electrometer, for, at 
the moment of breaking, the potential is zero, and the sums of 
the preceding positive and negative charges are equal. 

In the experiments the primary was first broken, and then, 

• The time value of one scale divittion was determined by connecting the 
two keys to the coils of a delicate differential galvanometer. When the 
contacts were broken simultaneously, there was no deflection. When P was 
moved one scale division, there was a swing of the needle depending on 
the time during which the cuiTent in P had acted alone. The time was cal- 
culated from the swing. 
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after a convenient interval, the secondary wad bruken. The 
interval was chosen bo that the reRults should not be confused by 
the spark, but yet that the oacillatione should not be too small. 

The micrometer screw was then adjusted till there was no 
deflection of the electrometer. 

The rending having been taken, the key P was screwed on to 
the next position, in which there was no deflection. Tiie diflference 
hetween the first and second readings gave the duration of an 
oscillation in scale divisions. Tlie time corresponding to one scale 
division was determined by separate experiments. 

For the particular instrument used, it was found to In; 
■0000012536 sec. 

Without any condenser, the duration of an oscillation was 
found to be 33 scale divisions, or 



A ser 



(four one hundred thousundlhs of a second). 

The author shows how to allow for the " damping e&ct " 
caused by the induction of the wires on each other, &c. 

Application to Specific Inductive Capacity. 

It can be shown mathematically that the capacity of a coil is 
proportional to the square of the time of oscillation when the 
coil only is used, and that of a coil and condenser together to 
the same quantity when the coil and condenser are used. 

From this lact the ratio of the capacities of two condensers 
can be calculated. 

Now, if we have two exactly similar condensers — one containing 
air, and the other some dielectric — then the ratio of the capacify 
of the second to that of the first is the specific inductive capacity 
of the dielectric. 
Let Tq be tlie OHcillatioD time with coil odIj, 

T „ ., ., „ with coil and dielectric condenser. 

T' „ „ „ „ with coil and lume condenser, with dielectrie 

ivmoved, and only air in it ; 

then we shall have for the specific inductive capacity 

A sericB of determinations of specific inductive capacity were 
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made by this method with the results g^iven on page 103. They 
are of particular importance, as, owing to the rapidity of the 
reversals, there could have been no permanent charging, and the 
number obtained must represent what Wullner* calls the " In- 
stantaneous capacities of the dielectrics/' 

Vol. i. page 106. 



END OF VOL. L 



LANE MEDICAL LIBRARY 



I 


■ 


^^^^^^H 


tfSlB Uordon, J.E.H. 87747 
ObB A physical treatise 
v.l on electricity and 


iSuB 


DATB BUB 




















^ 




.^H 




,^^H 




,^^^^1 




.^^^^^^H 




^^^^^^1 




^^^^^^1 




^^^^^^H 




^^^^^^1 




^^^^^^1 




^^^^^^H 




^^^^^^1 


■ ->:'''> J*S^^ 


P 



